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In this work, the chloride transport related properties of slag concrete have been 
studied. For this, traditional experiments and an innovative computational method 
were applied to novel mixes with a low carbon footprint.  
 
In part 1 combination of Ground Granulated Blast Furnace Slag and Steel Basic 
Oxygen Slag activated using ordinary Portland cement, waste cement industrial 
residues and recycled Plasterboard Gypsum were studied. In order to characterize 
these blended binders, the compressive strength, the volume stability, the 
mineralogical changes due to hydration and the setting times were measured. 
 
In part 2 the chloride penetration was simulated to study the transport properties 
using a multi-species model. In this, the ionic species flow is given by the Nernst–
Planck equation; however, due to ion–ion interactions there are ionic fields that affect 
the final flux producing an additional voltage known as the membrane potential. In 
order to calculate the inputs of the model a neural network methodology was 
developed to find the fundamental properties of concrete including the diffusion 
coefficients  
 
In part 3 a range of traditional transport chloride related experimental tests were 
carried out on concrete mixtures developed in part 1. These tests were workability, 
compressive strength, open porosity, initial water absorption capacity (sorptivity), 
carbonation, chloride migration and self diffusion, electrical resistivity, water 
permeability, and corrosion. Additionally, the methods developed in part 2 were used 
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1.1  GENERAL BACKGROUND 
The first major theme of this thesis is cement replacement in concrete. As Ordinary 
Portland Cement (OPC) production accounts for 9% of worldwide greenhouse gas 
emissions, there are international efforts to develop different binder materials for use 
in civil construction projects (Naik 2007). Government directives around the world are 
being employed to pro-actively encourage the use of non-hazardous waste materials 
and by-products, (which would otherwise go to landfill), in construction applications. 
 
Waste slag from the iron and steel industry has been used for many years in 
concrete production, usually blended in some combination with OPC. Although iron 
slag has shown to be a good binder, its performance does depend on which activator 
is being used. A number of other waste materials, also obtained as by-products of 
various industrial processes, have proven to be adequate activators. A programme of 
experimental studies has been carried out previously by Coventry University to 
assess the suitability of such waste materials for engineering applications. Those 
tests indicated the potential for achieving increased strength using quite substantial 
proportions of waste materials, resulting in a range of blended cements having 
tangible environmental, economic and engineering benefits. 
 
The second theme of this thesis is the transport of chlorides in concrete, particularly 
in tests which use an applied voltage to obtain rapid results. Naturally the strength 
and durability of concrete are of primary concern to the engineering community. 
However, increasingly in recent years the focus has turned towards trying to reduce 
the concrete infrastructure’s huge maintenance and repair costs. In the majority of 
cases weakness and structural breakdown can be directly attributed to damage due 
to steel corrosion. As the presence of chloride ions heightens the level of metallic 
corrosion activity, the mechanisms by which such chlorides penetrate the concrete 
fabric are of great interest. Assisted by the ever-growing computational power 
available, increasingly sophisticated concrete service-life models have been 
developed. An emerging trend is for these to incorporate transport mechanisms 
related with diffusion of chloride ions and moisture. However, under specific 
conditions, chloride diffusion can be considered the main mechanism. 
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Despite the large amount of research and computer modelling that has taken place of 
recent years, simplified models for explaining chloride penetration in concrete are still 
commonly in use. Fick’s Laws remain in widespread and popular use where a simple 
approach is thought desirable.  Indeed most of the established concrete diffusion 
models are based around the analytical solution of Fick’s Second Law. Great 
advances have been made in these models, and it is common to find models using 
time-dependent chloride diffusion coefficients or time-dependent chloride binding 
isotherms (Luping 2008). However, Fick’s Laws do assume that chlorides are 
isolated particles. This assumption is not an entirely realistic one, because in the 
pore solution of concrete, chloride ions will typically be interacting with other ions 
according to their electrical charge. 
 
One of the reasons why Fick’s Laws have not been completely replaced by other 
more “appropriate” theories or models is because according to them, the chloride 
penetration depends entirely on a single parameter, the coefficient of diffusion. To 
define a complex phenomenon using a single coefficient is a situation that brings 
several advantages to engineers; however, scientists have known for some time, that 
the Nernst-Planck equation should be used accounting for possible ionic interactions.  
 
The Nernst-Planck equation includes an electrical field in addition to a gradient of 
ionic concentration, so, it has been proposed as a tool to determine the chloride 
diffusion coefficient in experimental migration tests (NTBuild-492 1999). However, 
using those approaches the Nernst-Planck model continues to be used assuming the 
chloride ions are isolated from other species.  
 
Multi-species models have been developed in recent years (Claisse and Beresford 
1997, Truc, Olliviera and Nilsson 2000). These incorporate the presence of several 
free species in the pore solution (normally OH-, Na+, and K+) along with the chlorides 
penetrating from the exterior. Although the Nernst-Planck equation governs the 
phenomenon, it does need to be coupled with the physical principle of charge 
neutrality, which must be preserved at any point. Even in a self diffusion test, the 
condition of charge neutrality generates an electric field (known as the membrane 
potential), affects the flow of each ion. For a multi-ionic system the major difficulty is 
the determination of those parameters that will define the transport, (principally the 
diffusion coefficients), of all the species involved. 
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The rapid chloride permeability test (RCPT) is an electrochemical-migration test used 
extensively in the concrete industry and is included in specification documents 
(ASTM C1202). It is quite widely used for assessing concrete quality, and measures 
the ability of concrete to protect embedded reinforcement from chloride salt. 
 
A computer model of this test has been developed at Coventry University, 
incorporating the Nernst-Planck equation and including ionic interaction of the 
different species. Using this tool, initial simulations indicated that the inclusion of a 
voltage measurement in the centre of the sample during the RCPT test would provide 
additional information about the transport properties and features of the concrete and 
substantially improve the reliability of the results.  
1.2 AIMS AND OBJECTIVES 
The principal aim of this project was to investigate the chloride transport related 
properties of slag concrete mixtures both by traditional experimental methods and by 
computational methods. It is predicted that the insight obtained could contribute 
significantly to a more precise evaluation of the chloride transport in slag mixes and 
other types of concrete. 
 
For this aim, a number of objectives were developed: 
 
1. Develop new slag mix designs with a low carbon footprint. The focus of this 
objective was to investigate the potential use of slag based materials to 
create cementitious binders for cement replacement. Combinations of iron 
and steel slag activated with ordinary Portland cement and a range of mineral 
alkali (cement kiln dust) and sulphated wastes were explored. This objective 
is of particular interest to industrial concerns in Colombia. 
 
2. Review the relevant literature about chloride electro-diffusion in concrete, 
particularly that related to chloride migration tests; and assess the potential of 
the electro-diffusion numerical model developed in the Construction Materials 
Applied Research Group at Coventry University. 
 
3. Develop a theoretical explanation for the movements of chloride ions in 
concrete. Using that theory, calculate the evolution of the membrane potential 
during the ASTM C1202 test, and provide an experimental validation for this. 
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4. Develop a new, alternative computational method for calculating the transport 
chloride related properties of cement based materials, based on the electro-
diffusion numerical model and using the experimental mid point membrane 
potential observations. 
 
5. Carry out a range of experimental tests and numerical simulations to 
determine the chloride transport related properties and other key parameters 
of the new slag-based mixes. 
1.3 STRUCTURE OF THE THESIS 
The arrangement of this thesis is quite different from the traditional way of writing a 
standard dissertation, where the order of the main chapters is normally: literature 
review, experimental methods, tests programme, results, discussion, and 
conclusions. In this document all those elements are included; however, the whole 
thesis has been divided into three parts because of the necessity of presenting the 
results and discussion of each part independently. It is expected that this 
methodology will help the reader to understand the progression of the work, which 
involved an integration of many concepts of concrete science and technology.  
 
In the first part of this dissertation a comprehensive experimental program is 
presented with the aim of developing suitable slag mixes with acceptable strength 
properties. In this initial phase, combinations of granulated blast furnace slag and 
steel slag were activated with ordinary Portland cement, recycled gypsum and 
industrial cement by-products, in order to produce concrete mixes suitable for 
structural applications. In chapter 1, the literature relating the candidate raw materials 
is reviewed. In chapter 2, the results of the experimental program are presented and 
discussed. In this, the compressive strength was optimized to obtain 5 final binders 
representing the most desirable combinations of the materials. In chapter 3 the 
hydration and setting mechanisms of these final binders were identified, measured 
and discussed. 
 
In the second part of this research the theoretical basis and the experimental 
validation of the numerical models used to predict the chloride penetration in 
cementitious materials is presented. Additionally, a new methodology to obtain the 
chloride transport related properties was developed. In chapter 5 some of the 
principal aspects of chloride penetration in concrete are summarized, especially 
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those related theoretically with the electro-diffusion model applied in this research. 
Special attention was given to migration tests, binding capacity, diffusion coefficients, 
membrane potential, composition of the pore solution and electrical current during a 
migration test.  
 
Chapter 6 introduces two physical ideal states named voltage control and current 
control that define the possible conditions under which chlorides move through 
concrete. Additionally, this chapter reports on all experimental methods used in this 
second part of the research. In chapter 7 an experimental program dedicated to 
measuring the membrane potential on a migration test is summarized. For this, a 
new electrochemical test was developed. In chapter 8, an optimization technique was 
developed to obtain the transport related properties of a concrete mix from the results 
of the tests of membrane potential and the results of the Coventry model. The 
technique used was an artificial neural network algorithm (ANN). In chapter 9, the 
ability of the Coventry University model to simulate a voltage control test was 
assessed numerically and experimentally, giving great importance to the effect of the 
numerical process, the evolution of the electrical properties and the ionic 
concentrations. Models to simulate other possible electrical conditions, e.g. current 
control, power control, and variable voltage control were also developed, and the 
results discussed.  
 
In the final part of the dissertation, the transport properties of the slag mixes 
developed in the first part of the research and mixes of Portland cement and ground 
blast furnace slag with different proportions were investigated. For this, several 
transport related tests and numerical simulations were carried out.  
 
In chapter 10 the complementary experimental tests that were not introduced in 
chapter 6 are presented. In chapter 11, the results of the experimental program are 
presented and discussed, including tests to measure workability, compressive 
strength, open porosity, initial water absorption capacity (sorptivity), carbonation, 
chloride migration and self diffusion, electrical resistivity, water permeability, and 
corrosion. In the same chapter, for 20 different mixes the chloride transport related 
properties were obtained from the experimental tests and the optimization model. 
Based on simulations, the intrinsic diffusion coefficients of chloride, hydroxide, 
sodium and potassium were obtained. Also, the initial hydroxide composition of the 
pore solution, the porosity, and the chloride binding capacity were determined. A 
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complete discussion of the results of chloride transport properties is given in chapter 
12. 
 
Although essential conclusions are provided at the end of each chapter, a final 
chapter 13 deals with the main key conclusions and findings of this research. In this, 
the limitations of the work carried out are stated and considerations about future work 
are presented. 
 












PART 1: DEVELOPMENT OF NOVEL SLAG MIXES 
 
This first part of the research sets out to develop a group of suitable slag mixes all 
offering same potential environmental and engineering benefits. In a first chapter the 
literature relating the candidate raw materials is reviewed. In a second chapter, the 
results of an experimental program are presented and discussed; here, compressive 
strength was optimized to obtain 5 final binders representing the most desirable 
combinations of these materials. In a third and last chapter, the hydration and setting 
mechanisms of these final binders are identified, measured and discussed. 
 




2 SLAG MIXES – “A REVIEW” 
This chapter summarises the literature review carried out about the materials to be 
used as binders in this research programme.  
 
2.1 WORK DONE PREVIOUSLY AT COVENTRY UNIVERSITY 
The utilization of agricultural and industrial waste as construction material is not new; 
in the last 20 years considerable research has been carried out internationally in 
order to increase the utilisation of by-products and recycling technologies. As part of 
this, the Construction Materials Applied Research Group at Coventry University 
(COMARG) has carried out many research projects, with the intention of reducing the 
amount of Portland cement used in concrete, thereby obtaining potential 
environmental, economic, and engineering benefits. 
 
For example, in a recently completed PhD, Karami (2008) studied the use of by-
product industrial materials to replace all Portland cement in construction products. In 
this, the possibility of 100% cement replacement in low strength concrete and 
lightweight blocks was investigated with mixes of gypsum waste, by-pass dust, basic 
oxygen slag and run-of-station ash. The experimental programme included physical 
and chemical tests using paste and concrete, and a theoretical programme, which 
included analysis of the data collected with the response surface method and artificial 
neural networks. 
 
An industrial project which COMARG completed in February of 2007 studied the 
potential application of plasterboard and gypsum waste in road bases, sub-bases 
and stabilised sub-grades (Ganjian, Claisse and Pouya 2007). This project 
investigated several combinations of plasterboard gypsum with basic oxygen slag, 
cement kiln dust, cement by-pass dust, and run-of-station ash, and their potential use 
in stabilising soils, and producing roller-compacted concrete for road foundation.  
 
Between 1998 and 2005 a separate industrial project developed in partnership with 
other universities was conducted to study and develop novel composites suitable for 
landfill liners (Atkinson et al. 1998-2005). Among many potential candidates several 
waste materials were investigated as potential binders, and laboratory 
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measurements of strength and permeability were conducted. In addition, an in-depth 
study into the reaction kinetics of those binders was undertaken. 
 
An international project, funded by the European Union, conducted in association 
with 8 international partners, investigated efficient processes to recover materials 
from lead-acid batteries (Cann, Claisse and Lorimer 2007). Coventry University 
participated in this research project studying the possibility of treating battery acid to 
obtain gypsum of a suitable purity and particle size for it to be commercially 
acceptable.  
 
Projects on slag concrete have been carried out worldwide for many years, so, many 
research topics can be consulted in Taylor (1990). 
2.2 MATERIALS TO BE USED IN THIS RESEARCH 
2.2.1 Slag 
Slag is a by-product of the smelting process, it is a foundry residue. Depending on 
which metals are being produced, slags will have different mineralogical properties. 
Production of Iron, steel, copper, lead, and aluminium dominate the metallurgical 
industry, generating vast volumes of slag. Depending on its chemical and physical 
properties a slag could be used (a) in the construction industry as  
• aggregate in granular bases,  
• asphalt mixes,  
• cement replacement, 
• concrete mixes,  
or (b) in bulk applications such as   
• embankments or fillers.  
 
The utilization of slags as cement raw material or as replacement in blended 
concretes has been extensively studied for reasons such as  
• the environmental benefits,  
• the potential cementitious or puzzolanic properties,  
• the high cost of the Portland cement. 
 
Worldwide, the most commonly used slag is Granulated Blast Furnace slag (GGBS) - 
from the iron industry. Efforts are being made however to use other types of slag that 
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are available in large quantities and in the same way as GGBS, could have some 
potential cementitious properties. As was pointed out by Shi and Qian (2000), GGBS, 
steel slag, granulated phosphorus slag, and copper slag are all potential cementing 
materials.  
 
In this research GGBS and steel slag were used as the main materials. From a 
literature survey the features of both materials are summarized, showing their 
principal properties. 
2.2.1.1  Ground Granulated Blast Furnace Slag - GGBS 
According to ASTM C125 (2007) blast-furnace slag is defined as “the glassy, 
granular material formed when molten blast-furnace slag is rapidly chilled, as by 
immersion in water”. During the production of iron in a blast furnace the raw materials 
(iron ore or iron pellets, coke, and a flux of limestone or dolomite) are smelted 
forming the molten slag and the molten iron as is shown in figure 2.1. The slag is a 
non-metallic material resulting from the combination of the calcium and magnesium 
in the calcareous stone with the aluminates and silicates in the ore. Because of the 
high temperatures inside the furnace (around 1500 °C) the way the slag is cooled 
affects the properties of the material. Natural cooling, air and water cooling, 
expanding, pelletizing, and granulating are the most common methods for cooling 
molten slag.   
 
Figure 2-1 Iron blast furnace 
Granulated slag is rapidly cooled by large amounts of water, producing sand size 
fragments with a glassy internal structure. When this material is ground to very fine 
particles it is known as GGBS. According to the Cementitious Slag Makers 
Association each year in the UK two million tonnes of GGBS in the cement industry 
are used.  
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The pelletized slag process was developed in Canada in the 1970’s. In this process 
the slag is cooled with water and shot into air or steam by a rotary drum (Shi and 
Qian 2000). Due to the lightweight material produced this type of slag is used 
frequently as lightweight aggregate or if finely ground, can be used as cement 
replacement. If the slag were left to cool under natural conditions, a crystalline 
structure will be formed and no cementitious properties would obtain. In this condition 
the slag can be only be used as an aggregate or as a raw material to be used in 
clinker production. According to the United States Geological Survey (Oss 2003) in 
2003 in the United States 7.3 million metric tons of naturally-cooled slag were 
generated, around 16% was used as concrete aggregates and around 6% in clinker 
production. Another type of blast furnace slag is the expanded one which is cooled 
by controlled amounts of water in order to obtain a low density material. 
 
 
Figure 2-2 Blast furnace slag; left: molten slag – right: granulated slag  
The chemical and mineralogical composition of GGBS depends on the 
characteristics of the metallurgical process and materials; however, a typical oxide 
composition is shown in Table 2.1. The principal compounds are CaO, SiO, Al2O, 
and MgO; these are present in most hydraulic binders. Compared to OPC, the slag 
has a higher silica and lower calcium content, and contains low quantities of ferric 
oxide. For a typical sample of GGBS the glass content is around 85-90%, and this, 
together with its basicity, are considered the primary factors governing its 
hydraulicity. According to Detwiler, Bhatty and Bhattacharja (1996), the more basic 
the slag, the greater its hydraulic reactivity in the presence of alkaline activators.  
 








Table 2-1 Chemical composition of GGBS (ACI 2003) 
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GGBS as a binder can be used in different ways. Blended cements of GGBS and 
ordinary Portland cement (OPC) have been used for more than 100 years and are 
covered by international standards (ASTM-C595 2008). The combination of GGBS 
with OPC and pozzolans is reported by the American Concrete Institute Committee 
233 (2003). GGBS-alkali-activated binder systems are used extensively in Eastern 
Europe (Tailing and Krivenko 1997), and the activation of slags using sulphate 
minerals has been practiced for more than 50 years in Europe (Matschei, Bellmann 
and Stark 2005). 
 
Hydration and physical properties of GGBS: 
 
GGBS of itself has few hydraulic properties. It needs to be activated with an external 
material and is consequently known as a latent hydraulic material. When GGBS is 
mixed with OPC the resulting products of the hydration of the slag correspond to 
those that are obtained during the OPC hydration, except no calcium hydroxide is 
liberated. In addition, the initial hydration of the slag is much slower than with OPC. 
The hydration of GGBS depends on the dissolution of the glassy slag structure, by 
hydroxyls ions released during the hydration of OPC (ACI 2003), or by the addition of 
alkali activators. Roy and Ldorn (1982) showed that during the hydration of GGBS, in 
the first 24 hours there is a two step reaction. During early hydration the most 
important reaction is with the alkali hydroxide, and during the later reaction the most 
important reaction is with calcium hydroxide. Alkalis and Ca(OH)2 act as slag 
activators producing calcium-silicate and calcium aluminate hydrates.  
 
As in the case of calcium hydroxide or certain alkalis, GGBS can also be hydrated in 
the presence of sulphate compounds (Roy and Ldorn 1982). The sulphate in any 
form (gypsum or anhydrite) combines with the aluminates (Al2O3) contributed by the 
slag, in the presence of calcium hydroxide, to form ettringite (C3A.3CaSO4.32H2O). In 
the same way, the remaining calcium hydroxide reacts with the silicates to form 
tobermorite gel (Gruskovnjak et al. 2008). According to Czernin (1980), because of 
the differences in the final hydration compounds, the sulphate activation does not 
have a direct comparison with that of alkali activation. In an alkali activated system 
the calcium hydroxide is necessary as an activator and no important combination 
happens. By contrast, in a sulphate activated system the gypsum is converted to 
calcium sulphoaluminate. In the United Kingdom, there is a commercial product (not 
currently available) known as Super Sulphated Cement (BSi 1974), composed of 
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around of 80-85 per cent of GGBS, activated with 10-15 per cent of calcium sulphate, 
and 5 per cent of OPC.   
 
Normally, there is a longer setting time for GGBS-blended cements; depending on 
the amount of replacement, the temperature of mixing, the features of the mix, and 
the type of cement. The prolonged setting times of slag binders are explained by the 
fact that its mineralogical composition is similar to that of dicalcium silicate C2S, 
unlike OPC that is controlled by tricalcium silicate C3S. The fineness of GGBS should 
be always greater than the OPC to obtain more activity at early ages. In the same 
way, it has been reported that the workability of blended mixes is improved by using 
GGBS (ACI 2003). The bleeding properties of slag mixes are related to the fineness 
of the slag and the fineness of the cement. If the GGBS is finer than the OPC and the 
level of replacement is around 50%, bleeding is reduced. By contrast, if GGBS is 
coarser than OPC, an increase in bleeding can be expected.  
 
Mechanical properties of GGBS: 
 
Normal blended OPC-GGBS mixes have a reduction in their early compressive and 
bending strengths (1 and 3 days) with respect to OPC mixes, but an increase in their 
strength at later ages (more than 14 days) can be expected (Mehta and Monteiro 
1992). The effect that GGBS has on the strength is dependant upon the activity of 
the slag and the ratio of replacement. For samples tested with different levels of 
replacement, the optimum replacement level that gives the highest 28 days 
compressive strength was between 40 and 50 per cent of GGBS (Meusel and Rose 
1983). In the same way, the relationship between the water binder ratio and strength 
follows the same trend as when OPC is used: the compressive strength falls as the 
water-cement ratio increases. Hot curing at early ages has a positive effect on 
strength as was reported by Roy and Ldorn (1982). The compressive strength of 
concrete is a function of porosity, pore size distribution, and pore shape (Pandey and 
Sharma 2000). In GGBS concrete mixes a reduction in porosity is expected with the 
advancement of hydration, due to the gradual filling of the pores by the hydration 
compounds. 
 
In research carried out by Singh and Garg (2002) mixes of blast furnace slag were 
sulphated activated with calcium sulphate hemihydrate (CaSO4. 1/2H2O) and 
anhydrite in addition to Portland cement. The proportions of the materials used were 
75% GGBS, 15% sulphate and 10% OPC. The compressive strength of all sulphate 
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mixes was similar to that of OPC, and the setting times were shorter. In a paper 
reported by Uomoto and Kobayashi (1983) the compressive strengths of concrete 
slag cements activated with gypsum were determined (85% slag, 13% gypsum, and 
2% OPC). They found that the strength of this material has a maximum or optimum 
value of water binder ratio and showed a different trend from that of OPC, (figure 
2.3). They argue that the reason for this is because for low water binder ratios the 
gypsum hydration is slow, and point out that the water binder ratio needs to be 
analyzed in conjunction with the cementitious content. During the literature review 
conducted for the present research, no further data was found about the relationship 
between the water binder ratio and the strength of gypsum activated slag mixes. 
 
 
Figure 2-3 Relationship between compressive strength and water binder ratio of OPC 
and slag-gypsum concretes, Uomoto and Kobayashi (1983) 
Durability of GGBS 
 
Freezing and thawing, sulphate attack and expansion due to alkali-silica reaction 
(ARS) are common mechanisms of concrete deterioration; all are well documented in 
the technical literature. In general, it is reported that partial replacement of Portland 
cement with GGBS improves the sulphate resistance and reduces the potential for 
expansion due to alkali- silica reaction. In the same way, there is no evidence that 
the use of GGBS adversely affects the resistance of concrete to freezing and thawing 
(ACI 2003). 
2.2.1.1.1 Transport-related properties  
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The main causes of corrosion in steel reinforcements are chloride ingress and 
carbonation. Both mechanisms are related in a direct way to the permeability of 
concrete, and this is reduced when GGBS is used as cement replacement (ACI 
2003). As was mentioned above, like compressive strength, permeability depends 
upon porosity, pore size distribution, and the pore shape. Figure 2.4 shows the effect 
of pore distribution of an OPC and a blended OPC-GGBS cement with 40 per cent 
slag (Roy and Parker 1983). In the same way, it has been reported by Geiseler, Kollo 
and Lang (1992) that the capillary porosity, for pores with radius more than 30 
nanometres, decreases proportionally to an increase in the amount of granulated 
blast furnace slag. 
 
 
Figure 2-4 Comparison of pore size distribution of an OPC and a blended OPC-GGBS 
cement with 40 per cent slag replacement, Roy and Parker (1983) 
In natural conditions carbonation is a low speed physiochemical process whereby 
carbon dioxide penetrates the porous matrix of hardened concrete and reacts with 
the cement hydration products, decreasing the pH and sometimes affecting the 
microstructure of the concrete. A reduction in the pH breaks down the natural 
protection provided by the alkaline environment of the reinforcement, permitting steel 
reinforcement corrosion.  
 
Amongst the many reports and papers about the influence of the GGBS on 
carbonation penetration, there is no unanimity on the actual effect of GGBS on 
carbonation. According to the literature survey done for this research, there are a 
number of facts that can help explain the process of carbonation of GGBS concrete 
mixes:  
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(a) Carbon dioxide is reactive especially with calcium hydroxide and calcium 
silicate hydrate, and as a result, calcium carbonate, decalcified C-S-H and 
aluminosilicate gel are formed.  
 
(b) In a blended cement, the replacement level of GGBS inversely affects the 
amount of calcium hydroxide content, the more GGBS the lower the calcium 
hydroxide content.  
 
(c) Hydrated OPC with enough Ca forms calcium carbonate, which precipitates in 
the pores and forms a barrier for diffusion, decreasing the rate of carbonation 
(Bakharev, Sanjayan and Cheng 2001).  
 
(d) Alkali-activated slag concretes are probably more vulnerable to carbonation 
than OPC because the decalcification of CSH increases concrete porosity 
(Bakharev, Sanjayan and Cheng 2001).  
 
(e) In a mineral admixture-blended concrete, the calcium hydroxide content and 
the pore refinement are directly affected by the carbonation rate. For low 
fineness GGBS concrete, Sulapha et al. (2003) found higher rates of 
carbonation than for OPC. They state that the reduction of Ca(OH)2 content  
has more influence than the pore refinement on carbonation. In addition, they 
show that for higher fineness GGBS concrete, the carbonation rates were 
lower than for OPC. They state that the pore refinement due to the GGBS is 
more dominant than the change in Ca(OH)2.  
 
(f) Concretes with low levels of GGBS replacement show similar carbonation 
rates to OPC samples (Geiseler, Kollo and Lang 1992). 
 
Uomoto and Kobayashi (1983) reported that when supersulphated cement is used, 
any concrete surface in contact with the air suffers some deterioration due to the 
penetration of carbon dioxide. Using X-ray diffraction it was pointed out that in non-
carbonated concrete the ettringite intensity was strong, while its intensity in calcium 
carbonate and gypsum was weak. By contrast, in carbonated concrete, calcium 
carbonate and gypsum had a strong X-ray intensity while that of ettringite was weak. 
The reaction of carbon dioxide with the hydration products in a supersulphated 
cement significantly increases porosity and thereby reduces the concrete’s strength 
in the affected area. 
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2.2.1.1.2 Chloride penetration 
It has been reported by Leng, Feng and Lu (2000) that blast furnace slag can 
improve resistance to chloride penetration. A reduction in the diffusion coefficient is 
expected because of the following factors: 
 
1. In a GGBS concrete more calcium silicate hydration products are present in 
the concrete matrix and may therefore adsorb more chloride ions and block 
diffusion paths. Figure 2.5 shows the relationship between the diffusion 
coefficient and the water binder ratio in OPC and GGBS-blended concretes. 
The level of replacement was twenty five percent of cement. The diffusion 
coefficients were determined applying Fick’s Second Law of diffusion to the 
results of the ponding test (Dp: ponding diffusion coefficient (see part two for 
definition)), and using the ACTM chloride migration test (Dn: non-steady 




Figure 2-5 Diffusion coefficients and water to binder ratio relationships in OPC and 
GGBS-blended concretes obtained from ponding tests (Yang and Wang 2004) 
2. The pore size and pore shape are improved due to the replacement with slag. 
Figure 2.6 shows the relationship between the chloride diffusion coefficient 
and the amount of GGBS used as replacement. The coefficients were 
obtained using the Nernst-Einstein equation (Leng, Feng and Lu 2000). 
 




Figure 2-6 Chloride diffusivity for different amounts of GGBS used as OPC replacement 
(Leng, Feng and Lu 2000) 
3. GGBS has more tricalcium aluminate which can adsorb more chlorides to 
form Friedel’s salt (Leng, Feng and Lu 2000). 
 
The ASTM C1202 Rapid Chloride Permeability Test has been used extensively to 
rank concrete mixes using the charge passed as a “permeability index”. As the 
amount of replacement increases, so the charge passed in a GGBS blended 
concrete decreases. Taking mixes with different amounts of GGBS and GGBS 
fineness, but with the same water binder ratio of 0.5, Wee, Suryavanshi and Tin 
(2000) conducted ASTM C1202 tests at 28 days. Figure 2.7 shows the results of this 
research, which indicate that the addition of GGBS produces less charge passed. At 
low levels of replacement the total charge is dominated by the fineness of GGBS, but 
at higher levels of replacement the total charge is dominated by the amount of 
GGBS. This is discussed in detail in part 3 of this thesis. 
 
 
Figure 2-7 Charge passed for different amounts of GGBS replacement at 28 days (Wee, 
Suryavanshi and Tin 2000). F:3000 correspond to 3000 cm
2
/g fineness 
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2.2.1.1.3 Corrosion of reinforcement 
In OPC concrete structures the internal alkalinity of the hydration products together 
with the alkaline pore solution help prevent the steel reinforcement from damage 
caused by corrosion. When GGBS is used, it has been proved that the ingress of 
substances that can produce corrosion is delayed; however, the passive layer of the 
steel can be affected by the soluble sulphides in the GGBS. With the aim of 
investigating the effect of GGBS on steel corrosion in concrete, Pal, Mukherjee and 
Pathak (2002) carried out electrochemical tests and showed that as the amount of 
GGBS increases, so the corrosion resistance increases. They conclude that although 
there is an alteration in the passive layer due to the inclusion of some species (S2-, 
HS-, Sn
2-) from the slag, the improvement of pore structure and the increased 
resistivity causes a reduction in the rate of corrosion. In the same way, Hogan and 
Meusel (1981) showed that GGBS has no negative effect on the corrosion of steel. 
According to the American Concrete Institute Committee 233 (ACI 2003), the small 
reduction in the pH of pore solution has no detrimental effect on the steel 
reinforcement. 
 
In the case of supersulphated cement, it was pointed out by O'rourke, Mcnally and 
Richardson (2009) that gypsum-rich cements should not be used in steel reinforced 
structures because they lack sufficient alkalinity to protect the steel from corrosion. 
Uomoto and Kobayashi (1983) pointed out that corrosion of steel in supersulphated 
concrete was detected at early stages (4 weeks), an effect not related directly with 
carbonation. The mix of slag and gypsum produces compounds that produce 
corrosion autonomously. 
2.2.1.2 Steel Basic Oxygen Slag - BOS 
Steel slag is a by-product of the transformation of iron into steel. The conversion is 
normally done in a basic oxygen furnace where iron from the blast furnace, molten 
scrap, oxygen, and fluxes (either lime or dolomite), are combined. In order to remove 
the impurities from the melting steel, high pressure oxygen is injected, producing 
carbon monoxide, silicon, manganese, phosphorus, and some iron residue. The 
impurities are combined with the lime and dolomite to form the BOS steel slag. After 
refining, the liquid steel is poured into a ladle to continue the metallurgical process, 
while the slag is collected using other process. Similarly, melting scrap can be used 
to make steel in an electric arc furnace (EAF), however hot iron is not commonly 
used, only steel scrap. The charged material is heated to a liquid condition with an 
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electric current; normally, three graphite electrodes are used to form an electric arc 
and melt the scrap. Once the steel is melted, oxygen and lime are added to the 
furnace to purify it, and the EAF slag is formed. Figure 2.8 shows these two types of 
furnace used in the production of steel. After the steel is poured from these furnaces, 
it is transported to a ladle for further refining or to form alloys. During this process a 
new slag is generated, called ladle slag.  
 
After the metallurgical process the steel slag is cooled and the free metallics are 
magnetically removed. The remaining slag has many applications in the construction 
industry as was pointed out above, or as fertiliser or for use in other metallurgical 
applications.  
 
            
Figure 2-8 Oxygen furnace and electric arc furnace  
Although in Western countries the volume of steel slag generated is as high as that 
of blast furnace slag, its usage is much lower. In 2006 in the United States the 
production of iron and steel slag was around 21.5 million tons, of which 40% was 
classified as steel slag. Three years earlier output of steel slag was estimated 8.8 
million metric tons of which only 5% was used in the cement industry (Oss 2003). 
The principal reasons why steel slag is not used extensively in construction, 
especially in the cement and concrete industry as follows:  
 
• Steel slag tends to have a highly variable composition. Depending of the 
grade and features of the steel produced, the resulting slag has different 
mineral composition; each slag needs to be treated separately.  
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• The steel slag has poor cementing properties. Due to the low content of 
reactive calcium silicate compounds it does not have the same binder 
potential that GGBS has. 
 
• The high content of free calcium and magnesium oxides cause volume 
expansion problems. As was pointed out by Shi and Qian (2000), a long time 
ago the Ministry of Transportation of Ontario, Canada, banned the use of 
steel slag because of volume expansion problems. Nowadays there is still 
some fear about the use of slag because of its lack of volume stability, but 
great progress has been made in the last couple of years, for example, 
certain standards such as ASTM-D5106 (2008)  becoming available. 
 
• Steel slag has a higher density than other materials or rocks like basalt or 
limestone, and for some construction applications this is a disadvantage. 
 
• The possibility of leaching of metals such as chromium and molybdenum has 
been an environmental obstacle; however, it has been reported by Geiseler 
(1996) that the leaching of chromium ions is low because of bonding with 
stable crystalline phases. In the same way, Tossavainen et al. (2007) 
concluded that the solubility of elements such as chromium, molybdenum and 
vanadium is very low. 
 
In spite of the problems associated with steel slag, it has many possible uses in the 
cement and concrete industry. In China, for example, it has been commercialized for 
a long time in a cement that contains 35% Portland clinker, 5% gypsum, 30% steel 
furnace slag, and 30% blast furnace slag (Shi 2004b). In recent years, many 
investigations have been carried out into the possible use of steel slag as a binder or 
as a raw material in the cement production.  
 
According to Shi (2004b) the chemical composition of BOS, EAF and ladle slag are 
shown in table 2.2. The quaternary system CaO-MgO-SiO2-FeO defines the principal 
components of steel slag, although variations can be found depending on the steel 
raw materials, type of steel produced, and type of furnace used. What mainly 
distinguishes them from OPC is their high FeO content. Depending on the flux 
material used during the metallurgical process, the MgO content of the slag could be 
high, in the case of dolomite, or low for a lime based flux.  















2 8-20 9-20 24-32 2-35 
Al2O3 1-6 2-9 3-7.5 5-35 
FeO 10-35 15-30 1-6 0.1-15 
CaO 30-55 35-60 39-45 30-60 
MgO 5-15 5-15 8-15 1-10 
MnO 2-8 3-8 0.4-2 0-5 
TiO2 0.4-2 *** *** *** 
S 0.05-0.15 0.08-0.2 0.1-0.3 0.1-1 
P 0.2-2 0.01-0.25 0.01-0.07 0.1-0.4 
Cr 0.1-0.5 0.1-1 0.1-20 0-0.5 
Table 2-2 Chemical composition of steel slag (Shi 2004b) 
According to the Chinese standard Yb/T022-92 (1992) steel slag can be classified, 
according to its basicity, into four groups: olivine, merwinite, dicalcium silicate, and 
tricalcium silicate. The basicity is determined according to the chemical composition 
of the principal bases and defines its potential hydraulic reactivity. Table 2.3 shows 
the classification presented by Shi (2004b). Although with a higher basicity more 
hydraulic reactivity can be expected, care must be taken because the free lime 
content may be higher.  
 
  Basicity  
Hydraulic 
reactivity 
Types of steel 
slag CaO/SiO2 
CaO/ 
(SiO2+P2O5) Major mineral phases 
Low Olivine 0.9-1.5 0.9-1.4 Olivine, RO phase and merwinite 
Merwinite 1.5-2.7 1.4-1.6 Merwinite, C2S, and RO phase 
Medium Dicalcium silicate  1.6-2.4 C2S and RO phase 
High Tricalcium silicate >2.7 >2.4 C3S, C2S, C4AF, C2F and RO phase 
 
Table 2-3 Basicity, hydraulic reactivity and mineral phases of steel slag (Shi 2004b) 
As the chemical composition of steel slag changes, so too can its mineralogical 
composition. The minerals normally present in air cooled steel slag are shown in 
table 2.4 (Shi 2004b). The existence of C3S, C2S, C4AF, and C2F in steel slag gives it 
some similarity to Portland cement; however, the reactivity of the slag is poor in 
relation to that of cement, although theoretically it can be expected that it reacts with 
water. Steel slag can be deployed in cement production in two different ways: it can 
be used as raw material in clinker production as was reported by Monshi and 
Asgarani (1999) and Tsivilis et al. (2008); or it can be blended with cement as a 
mineral admixture (Xuequan et al. 1999, Rai et al. 2002, Akin-Altun and Yilmaz 2002, 
Kourounis et al. 2007), aggregate, or just as filler (Qasrawi, Shalabi and Asi 2009, 
Sajkata, Ayano and Fujii 2007). 
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Mineral name Chemical formula Abbreviation 
Merwinite 2CaO.MgO.2SiO2 C3MS2 
Tricalcium silicate 3CaO.SiO2 C3S 
Dicalcium silicate 2CaO.SiO2 βC2S, γC2S 
Rankinite 3CaO.2SiO2 C3S2 
Wollastonite CaO.SiO2 CS 
Diopside CaO.MgO.2SiO2 CMS2 
Monticellite CaO.MgO.SiO2 CMS 
Calcium aluminate CaO.Al2O3 CA 
Calcium ferrite CaO.Fe2O3 CF 
Magnesium silicate 2MgO.SiO2 M2S 
Sulphide CaS, MnS, FeS --- 
RO phase FeO-MnO-CaO-MgO RO 
Lime CaO --- 
Periclase MgO --- 
Wustite FeO,  --- 
 
Table 2-4 Principal minerals in steel slag (Shi 2004b) 
In contrast to GGBS, where the calcium and magnesium oxides combine and form 
non-expansive compounds, in the metallurgical process of steel slag calcium and 
magnesium oxides are left free. Free lime expansion occurs as an increase in 
volume caused by the hydration of lime, forming calcium hydroxide. On the subject of 
magnesium oxide expansion, it was reported by Geiseler (1996) that the important 
factor in an MgO rich steel slag is the content of magnesium-wustite, which can be 
greater than 70%. This mineral (FeO), which  is one of the predominant phases in 
steel slag, does not have cementitious properties and is not present in Portland 
cement (Tsakiridis et al. 2008). When steel slag is used in road construction it is a 
common practice let it undergo a weathering process. This consists of leaving the 
slag in stockpiles exposed to the weather for a period sufficient to reduce its content 
of free lime (CaO).  
 
As was mentioned earlier, steel slag has been used in a Portland cement-steel slag-
GGBS cement (PSSBFC) produced in China. It has lower initial strength and longer 
setting times, but some benefits are reported by Shi (2004b), such as higher later 
strength (more than twice the 28 days strength at 10 years), low energy cost, good 
abrasion resistance, lower hydration heat, and good sulphate resistance. However, 
the deficiencies of early strength can apparently be rectified with the activation of the 
slag, although there is no reference made as to the kind of activator that might be 
required. 
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A steel slag - fly ash (FA) composite blended cement was reported by Xuequan et al. 
(1999) with a composition of 45% clinker, 3% gypsum, 22% Fly ash, and 30% steel 
slag. This blended cement showed similar strength to the Portland cement reference.   
Bin, Wu and Tang (1992) reported a GGBS-steel slag cement that had been alkali 
activated through the use of 5% of sodium silicate. The compressive strength for this 
blended cement is shown in figure 2.9. From the graph it is concluded that there is an 
optimum combination of both slags corresponding around 20% of steel slag, in 
addition, the mix with 100% steel slag is activated by the water glass reaching a 
considerable strength, although this strength is lower than 100% GGBS. In the same 
way, in a recent study Mahieux, Aubert and Escadeillas (2009) conclude that 
weathered BOS slag seems to have little hydraulic activity and apparently no 
pozzolanic properties; however, combining BOS slag with GGBS and small amounts 
of a catalyst (GGBS:52.5%, BOS:42.5%, catalyst:5%) gives very good results. The 
activation of GGBS is in part due to the total lime present in the BOS slag and in part 
due to the catalyst. In addition, it was found that the GGBS-BOS-catalyst cement did 
not presented expansion problems. 
 
 
 Figure 2-9 Strength development of GGBS-steel slag cement activated through the use 
of 5% of sodium silicate (Shi 2004b) 
In different studies, Mahieux, Aubert and Escadeillas (2009) and Kourounis et al. 
(2007) investigate the influence of steel slag on the compressive strength of ordinary 
Portland cements at different levels of replacement. Figure 2.10 shows in the same 
graph the results of both investigations (note that although they are plotted together 
they were developed independently). It can be concluded from the figure that (a) the 
replacement of cement by BOS decreases the compressive strength, and (b) after 28 
days any increase in strength is negligible. 
  





Figure 2-10 Compressive Strength development of OPC-Steel slag ((1):(Kourounis et al. 
2007), (2):(Mahieux, Aubert and Escadeillas 2009)) 
Regarding the durability of the steel slag cement (blast furnace slag - steel slag – 
clinker - gypsum) Dongxue et al. (1997) carried out some experiments to determinate 
the chemical, carbonation, and alkali-aggregate resistance, and the pore structure. 
They conclude that the mixes tested had good chemical resistance in contact with 
sea water, sodium and magnesium sulphate. They reported that steel slag cement 
increases in strength after carbonation, and it reduces the alkali-aggregate reaction. 
The pore structure at 28 days is similar to ordinary Portland cement.  
2.2.2 Cement Kiln Dust  
Cement kiln dust (CKD) is a highly alkaline waste removed from the cement kiln by 
dust control procedures. Depending on its composition, it could be recycled directly 
into the cement production process or it may need to be treated prior to reuse. CKD 
that is totally unsuitable for recycling in cement production is typically disposed in 
landfills, and only a minor proportion can be used in other construction applications. 
The properties of CKD depend on the features of the kiln systems, the dust-collection 
point, and the maximum temperature reached. For example, some frequently found 
kiln dusts come from long wet rotary kilns, long dry rotary kilns, or alkali bypass 
precalciner systems (BPD). Todres, Mishulovich and Ahmed (1992) show average 
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Constituent Long wet kiln Long dry kiln Alkali bypass 
SiO2 15.02 9.64 15.23 
Al2O3 3.85 3.39 3.07 
Fe2O3 1.88 1.10 2.00 
CaO 41.01 44.91 61.28 
MgO 1.47 1.29 2.13 
SO3 6.27 6.74 8.67 
Na2O 0.74 0.27 0.34 
K2O 2.57 2.40 2.51 
LOI 25.78 30.24 4.48 
Free CaO 0.85 0.52 27.18 
 
Table 2-5 Chemical composition of different CKD 
As was mentioned above, one of the difficulties in the practical application of CKD is 
the variability of its chemical, mineralogical, and physical properties. The dust from 
each plant varies according to on the raw materials, type of plant operation, dust 
collection technology, and type of fuel used (Detwiler, Bhatty and Bhattacharja 1996). 
In research by Muller (1977), it is stated that the European CKDs are composed for 




Table 2-6 CKD mineral compositions (Muller 1977) 
In a research carried out by Al-Harthy, Taha and Al-Maamary (2003) it has been 
reported that Increasing the CKD replacement has an adverse effect on compressive 
strength. The flexural strength and concrete toughness also decreases. However, it 
was reported that small amounts of replacement (5%) do not have an appreciable 
adverse effect on strength, especially at low water binder ratios. Similar results were 
found by Shoaib, Balaha and Abdel-Rahman (2000) who reported that the 
compression strength increases gradually with the curing time and with the reduction 
of the water binder ratio, but decreases with an increase in CKD. 
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Because of the high alkali and sulphate content of CKD, it can be used as an 
activator for ground granulated slag or pozzolanic materials. Konsta-Gdoutos and 
Shah (2003) studied the hydration of GGBS activated with CKD. They concluded that 
during curing the samples showed an increase in compressive strength, indicating 
slag activation. They stated that the principal products of the hydration of the slag 
were calcium silicate hydrates, and noted that in all cases observed, the strength of 
CKD-slag blends was lower compared with similar samples of OPC or OPC-Slag 
mixes. In the same study it was reported that the profile of the heat evolution in a 
CKD-slag mix is similar to those that can be obtained in a cement-slag mix. Similarly, 
an increase in the setting times of mixes blended with CKD-cement or CKD-slag was 
reported. 
2.2.3 Plasterboard Gypsum - PG 
In addition being found in its natural form, gypsum also exits as a by-product of a 
number of industrial processes. According to Roszczynialski, Gawlicki and Wczelik 
(1997) gypsum by-products can be divided in two groups: those that can be obtained 
by chemical or physical processing, and those obtained from flue gas 
desulphurization installations in power stations. Calcium sulphate dihydrate 
CaS04.2H20 is the principal component of chemical by-product gypsums, although 
other minerals may be found in lower proportions. Hemihydrate gypsum 
CaS04.0.5H20 and the products used during chemical processing are wastes in some 
industries and are know as phosphogypsum, fluorogypsum, titangypsum, 
borogypsum, citrogypsum, phenologypsum, sodagypsum, and saltgypsum.  
 
Another possible source of gypsum is waste plasterboard (PG); a by-product of the 
building industry. Plasterboard is usually made from natural mined gypsum or 
gypsum obtained from flue gas desulphurization. The raw material is milled and 
calcined at around 120~130°C before use, to convert the dehydrate to hemihydrate. 
 
CaSO4.2H2O + Heat  CaSO4.1/2H2O + 3/2H2O  
 
After drying, the gypsum is ground to a powder. Plasterboard is formed by combining 
the gypsum hemihydrate with some additives and water, so the gypsum is converted 
back to dihydrate gypsum, and the board is formed as a layer of gypsum sandwiched 
between layers of special facing paper. 




1. A complete description about actual knowledge on blast furnace slag, steel 
slag, plasterboard gypsum and by-pass dust has shown the potential 
capabilities of those materials as hydraulic binders, which can be summarised 
in the following: 
 
• GGBS is a glassy material with potential hydraulic capabilities if is 
adequately activated. It can be activated under OPC mixes, under 
alkaline and under sulphate environments. It is reported that if the 
GGBS is mixed adequately its durability increases and its strength can 
be similar or higher than similar samples of OPC. 
 
• Steel Slag is reported as a material that contains principally CaO, 
MgO, SiO2 and FeO. The first three oxides gives to the steel slag 
some mineralogical similarities than the OPC; however the 
cementitious properties are very poor because in the principal 
minerals are attached several impurities.  
 
• Cement kiln dust is a waste from the cement industry which is usually 
landfilled, used as a recycled raw material in cement production, or 
used as an admixture in blended concrete mixes. In construction 
applications, the use of this material is limited to small proportions 
because its chemical and mineralogical composition varies 
significantly from different sources.  
 
• The recycled plasterboard gypsum can be used as a sulphate material 
with an enough level of quality to be used in construction applications.  
 




3 LABORATORY DEVELOPMENT OF SLAG BINDERS 
In this chapter the combination of ground blast furnace slag and basic oxygen slag 
activated using ordinary Portland cement, cement by-past dust and plasterboard 
gypsum was investigated. The mixes were assessed in terms of compressive 
strength of paste mixtures to establish the optimum raw materials proportions.   
3.1 INTRODUCTION  
Different potential binders were developed from the raw materials selected for this 
research. All of them used GGBS or BOS as principal constituents and were 
activated in different ways. Three groups of mixes were established depending on 
the activator used: (I) binders activated with OPC, (II) alkali activated binders with 
BPD, and (III) sulphate activated binders with PG. From the combination of the raw 
materials five final mixes were proposed and optimized for compressive strength. 










Figure 3-1 Groups of binary and ternary binders used  
3.2 RAW MATERIALS USED  
The materials used in this research were obtained from different sources. A summary 
of them is presented below. 
 
• A commercial Ordinary Portland cement (OPC) classified as CEM-1 
according BS EN 197-1 “Composition, specifications and conformity criteria 
for common cements” and composed of 95-100% clinker, free of admixtures 




Alkali activated Sulphate activated 
OPC - GGBS 
OPC - BOS 
OPC – GGBS- BOS BPD – GGBS- BOS PG – GGBS- BOS 
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• The Ground Granulated blast furnace slag (GGBS) was obtained from Civil 
and Marine, a part of Hanson UK. The material was marketed under the 
standard BS 6699 “Specification for ground granulated blast furnace slag for 
use with Portland cement”. 
 
• The Basic Oxygen slag (BOS) used was obtained from Tarmac UK, from 
Corus Scunthorpe plant. It was prepared for use by being ground and passed 
through a 600 micron sieve. After a time lag of more than one year of storage, 
the slag was considered to be weathered. 
  
• The Cement Kiln dust used in this research was obtained from Castle 
Cement, extracted from the kiln bypass. In this research this material is called 
alkali by-pass dust (BPD). 
 
• The Plasterboard gypsum (PG) was obtained from the Lafarge Plasterboard 
recycling plant in Bristol. After the initial collection from the demolition sites it 
was necessary to remove the pieces of paper and other contaminants by 
using various sieves. Finally the material was sieved at 600 micron and 
stored. 
3.2.1 Characterization of raw materials 
Different analytical techniques were applied to the raw materials in order to 
categorize them according to their chemical and mineralogical composition. In 
addition, the fineness and density of each powder was investigated. 
3.2.1.1  Experimental Methods 
• The chemical composition of the materials was analyzed by X–ray 
fluorescence analysis (XRF) using a Philips PW2400 instrument. 
 
• The mineralogical composition was determined by X-ray diffraction Analysis 
(XRD) using a Philips 1820 diffractometer with a 20 position sample changer. 
 
• The specific gravity of each powder was determined using a fully automatic 
gas displacement helium picnometer, a Micromeritics – Accupyc 1330. 
 
• The particle size distribution was determined using a laser granulometer, a 
Malvern Mastersizer 2000 with a Hydro 2000MU pump attachment.  
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• The morphological appearance of the grains was determined using a 
scanning electron microscope (SEM), a Jeol JSM-6060 LV. 
3.2.1.2  Results and discussion 
3.2.1.2.1 Chemical composition 
The results of the compositional analysis carried out for the different binders are 
presented in Table 3.1. Note that for OPC the values reported were taken from data 
supplied by the manufacturer and are well established in concrete technology and 
will not be discussed. For the GGBS the values measured for insoluble residue, 
magnesia, sulphur, and loss on ignition are within the limits specified in the Standard 
BS 6699. In addition, the requirements of the same standard for the composition of 
CaO, MgO, and SiO2, including the chemical moduli, were met in full.  
 
66.081.02 >=++ SiOMgOCaO  (3.1) 
0.134.1/)( 2 >=+ SiOMgOCaO  (3.2) 
0.122.1/ 2 >=SiOCaO  (3.3) 
 
Equation 3.2 defines the modulus of basicity of the slag as the ratio between the 
sums of basic oxides to the sum of acidic oxides, and Equation 3.3 defines the 
activity of the slag. The hydraulic activity of blast furnace slag trends to increase with 
increasing both moduli (Tailing and Krivenko 1997). The chemical composition of the 
GGBS is within the ranges shown in table 2.1 and is considered adequate to be used 
in this research. 
 
 Chemical composition [%] 
Binder SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI 
OPC* 19.7 --- 4.9 2.4 --- 2.1 63.3 0.2 0.6 --- 2.7 2.7 
GGBS 34.5 0.55 13.16 0.74 0.45 7.75 38.7 0.29 0.55 0.02 1.75 0.7 
BOS 11.45 0.37 2.32 27.32 3.65 9.32 37.44 0.03 0.01 1.26 0.28 3.12 
BPD 15.67 --- 4.04 2.08 --- 2.40 46.52 1.12 3.88 --- 3.01 --- 
PG 2.43 0.03 0.81 0.36 0.0 0.4 37.3 0.03 0.24 0.02 53.07 4.09 
 
Table 3-1 Chemical oxide composition of the raw materials (*according to the 
producer) 
The BOS slag consists mainly of CaO, MgO, SiO2, and Fe2O3. The first three 
materials are just the 58.2% of the total sample, while the iron compounds are 
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27.3%. According to table 2.3 the basicity of this slag is expressed as equations 3.4 
and 3.5, and is classified as a hydraulic reactivity BOS Slag (Shi 2004b), with some 
phases similar to those found in OPC. It is important to note that according to shy 
(2004b), equations 3.4 and 3.5 are just an indication of the basicity of the BOS, which 
is correlated with the major minerals phases expected (table 2.3). In addition, it is 
well known that the mineralogical phases of the BOS are contaminated with several 
impurities and the high values found indicate that hydration faces could be present. It 
does not necessarily represent high strength binders because impurities and size 
grain dependent factors. 
 
95.2)/( 522 =+ OPSiOCaO  (3.4) 
27.3/ 2 =SiOCaO  (3.5) 
 
The chemical composition of BPD shows that the CaO and SiO2 are 62.19% of the 
total sample; these oxides come from variables mixtures of calcined and uncalcined 
feed materials used during the cement production. In addition, the proportion of 
sodium, potassium, and sulphate salts present is 8%, which suggests that BPD can 
serve as an adequate alkali activator. Figure 3.2 shows the materials in a CaO+MgO-
SiO2-Fe2O3+Al2O3 System. Chemically BPD is similar to OPC, both materials are the 
product of the same industrial process, although one is a primary product while the 
other is a waste. It can be noticed as well that both slags are chemically different, 
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The chemical analysis of plasterboard gypsum reveals that the principal oxides are 
sulphate and calcium with 90.4% of the total, compounds that theoretically form 
calcium sulphate dihydrate or anhydrite. According to that result, the collection, 
sieving, and grinding of recycled plasterboard yields a gypsum of sufficient purity to 
be used in the construction industry (Roszczynialski, Gawlicki and Wczelik 1997), 
without recourse any chemical treatment.  The loss ignition reported is higher than for 
all the other raw materials probably due to the presence of paper impurities or other 
volatile materials that could not be removed by physical methods.  
3.2.1.2.2 Mineralogy 
X-ray diffraction was used as qualitative characterization of the raw materials used in 
this research. It is important to notice that each mineral phase produces an unique 
independent diffraction pattern, and the intensity of that pattern is proportional to its 
concentration (Stutzman 1996); however, it is stated in that reference that powder 
diffraction patterns are complex and the number of phases creates a composite 
pattern with many peaks overlapping. Because the strong peaks tend to coincide it is 
pertinent to identify the minerals using the weaker peaks. For normal OPC 
mineralogy, the principal phases have been widely studied and are well documented 
elsewhere (Chatterjee 2001). Figure 3.3 shows the phases C3S, C2S, C3A, and C4AF 
identified in the Portland cement used. In addition, there are some peaks that 
correspond to calcium carbonate (calcite).  
 
 
Figure 3-3 X-ray diffraction analysis of OPC 
The mineral composition of the GGBS is shown in figure 3.4. As was reported by 
Taylor (1990), the XRD pattern for GGBS showed a diffuse band where merwinite 
and melilite were poorly differentiated. 




 Figure 3-4 X-ray diffraction analysis of GGBS 
The minerals associated with the basic oxygen slag are shown in figure 3.5. There is 
a significant similarity between the patterns of the Portland cement and the steel slag 
used in this research, however, according to Kourounis et al. (2007) it is expected 
that the calcium silicates of the BOS would have been stabilized in the presence of 
impurities, reducing its cementitious properties. 
 
 A common impurity found in the steel slag is the metallic Fe; it was present in 
different forms as Wustite and Magnetite, compounds that have a negligible 
cementing capacity. The Portlandite phase (Ca(OH)2) is clearly observed, its 
presence is probably due to the weathering of the slag. It is suggested that the 
contact of the BOS with the environmental conditions of the laboratory hydrated the 
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Figure 3-5 X-ray diffraction analysis of BOS 
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The X-ray pattern for the by-pass dust used is shown in figure 3.6, which shows the 
different minerals associated to the peaks detected. The difractogram is in close 
conformity with the one reported by Konsta-Gdoutos and Shah (2003) where calcite 
was identified as the predominant phase, in addition to free lime and quartz. The 
presence of sylvite as an independent phase confirms the possibility of BPD being 
considered as an alkaline activator.  
 
Figure 3-6 X-ray diffraction analysis of BPD 
Figure 3.7 shows the X-ray patterns of the plasterboard used. It can be seen that the 
material is composed mainly of gypsum and anhydrite. The pattern obtained is very 
similar to that of a natural gypsum (Roszczynialski, Gawlicki and Wczelik 1997).  
 
 
Figure 3-7 X-ray diffraction analysis of PG 
 
 




The densities of the raw materials are shown in figure 3.8, where the values 
measured are consistent with the ranges usually reported for similar materials. The 
high specific gravity of the BOS is due to its high concentration of iron impurities.  
 
 
Figure 3-8 Densities of the raw materials  
3.2.1.2.4 Fineness 
In figure 3.9 it can be seen that the GGBS has the highest fineness of all the raw 
materials, followed by the OPC and the BPD. GGBS is normally ground to a very 
small size in order to increase its reactivity at initial ages avoiding prolonged setting 
times. The size distribution of the OPC and BPD is similar; although the fineness of 
the OPC is the result of the grinding of clinker, while the fineness of the BPD 
corresponds by itself to the fineness captured in the kiln. BOS and PG are the 
coarser materials, possibly because the grinding was not an industrial process.  
 
 
Figure 3-9 Raw materials size distribution 
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Photographs of the grain shapes are shown in figure 3.10 where the morphology of 
the grain powders can be seen. In the same figure the particle size analysis for all the 
raw materials is shown. OPC has grain sizes in the range between 0.3µm and 
0.3mm and the average particle size is around 25µm. GGBS has grain sizes in the 
range between 0.3µm and 0.1mm, with an average particle size around 20µm. BOS 
presents a distribution with two predominant peaks, with grain sizes in the range 
between 1.5µm and 1mm. BPD has grain sizes in the range between 0.6µm and 
0.2mm, with an average particle size around 20µm. Finally, PG has grain sizes in the 
range between 0.6µm and 1mm, with an average particle size around 250µm. 
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Figure 3-10 Particle size analysis and grain shape of the raw materials 
3.3 OPTIMIZATION OF THE COMPRESSIVE STRENGTH: MIX SELECTION 
In order to find the best combinations of materials and their relative proportions, an 
experimental laboratory programme was carried out. Mixes with different proportions 
of ground granulated blast furnace and basic oxygen slag activated with ordinary 
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tested to optimize the mixture ingredients to achieve the highest compressive 
strength. In order to obtain the final proportion for each binary or ternary binder, a 
simple but effective experimental design was made. The compressive strength of 
several mixes with different proportions was evaluated to ascertain the influence of 
various proportions on the strength.  
3.3.1 Experimental Design 
For each group of raw materials an experimental design was developed with the 
objective of characterizing the influence of the proportions on the compressive 
strength. Samples of paste (mixtures of the combination of one or more binders and 
water with no aggregate) were cast, cured and tested under the same controlled 
conditions to make comparable results. The controlled variables were the following. 
  
• The variable proportions of the materials that form each combination.  
 
• The time of curing when the sample was tested: 7, 28 and 90 days. 
 
• 3 replicate samples were made for each combination. 
 
3.3.1.1 Combinations Mixes with OPC  
The OPC-GGBS-BOS ternary diagram shown in figure 3.11 shows the blends 
investigated, with a total of 28 mixes. The location of each point represents the 
mixture proportions by weight, each corner point representing a single blend 
constituent. Points located on the perimeter are binary mixes, and points inside the 
triangle refer to ternary mixes. The selection of the mixes was made to include the 
broadest diversity of binary and ternary combinations available. In order to help the 
reader to understand the ternary diagrams and as a matter of example, the point “Y” 
was included in figure 3.11, which represents the combination 50%OPC, 40%BOS 
and 10%GGBS. 
 
A complete list of the mixes investigated in this research is in appendix 1. 
 






























Figure 3-11 Proportions of the ternary OPC–GGBS–BOS paste mixes 
3.3.1.2 Combinations alkali activated Mixes BPD – GGBS – BOS 
Although BPD can be regarded as a very weak Portland cement and a good source 
of alkalinity, its chemical composition and properties vary significantly from source to 
source (Ganjian, Claisse and Pouya 2007). To minimize the effect of the variability of 
the BPD on the mixes, a low percentage of BPD has been used to activate the slag 
mixes. For this, the optimum percentage of GGBS and BOS for a binary mix 
composed with only these materials was activated with different percentages of BPD 
(5, 10 and 15%) 
3.3.1.3 Combinations sulphated activated mixes PG – GGBS – BOS 
Figure 3.12 shows the points representing the mixtures GGBS and BOS activated 
with PG, where 27 combinations were proposed. The amount of PG used in the 
mixtures was between 0 and 40% because it has been reported that any higher 
content does not have beneficial effect on the strength (Ganjian, Claisse and Pouya 
2007). In addition, in the ternary mixes the percentage of GGBS was between 30 and 
60%, because preliminary results obtained from section 3.3.1.1 showed that the 
maximum compressive strength is expected in that range. 
Y 






























Figure 3-12 Proportions of the ternary PG–GGBS-BOS paste mixes 
3.3.2 Experimental Methods 
As was mentioned above, for this initial stage of the research, the principal aim was 
to assess the behaviour of the materials as binders. Therefore, a range of aggregate-
free paste samples was tested, to identify mixes where the compression strength 
was at its greatest. A constant water binder ratio of 0.25 was maintained throughout. 
3.3.2.1 Paste mixtures 
In order to mix the raw materials a small mixer (2 litres) with both a planetary and a 
revolving motion was used. The materials for a batch were introduced into the bowl 
and mixed in the following manner: 
 
• The raw materials were mixed dry until a homogenous distribution of the 
powders was obtained (usually 1 minute). 
• Half of the mixing water was added to the bowl and mixed for 1 minute at 
medium speed. 
• When necessary, the mixer was stopped and the mixture scraped off 
manually from the sides of the bowl and blades.  
• The mixing was completed by adding the remaining water and mixing for two 
minutes at high speed. 
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3.3.2.2 Casting and curing 
Samples were cast in pre-oiled 50 mm cubic moulds, covered with a polyethylene 
sheet and demoulded after 24 hours. Because of the differences among the raw 
materials and the proportions used, the mixes had different flow. In order to avoid 
affecting the strength because of the differences in the mix compaction, all the mixes 
were compacted mechanically using a vibrating table. The moulds were filled with 
paste in three layers and then compacted to remove the air and achieve maximum 
density. After demoulding specimens were cure in containers at 98% RH and 20±2 
°C.  
3.3.2.3 Tests 
The compressive strength was measured at 7, 28 and 90 days. A hydraulic testing 
machine was used in accordance with Chapter 5.9 of ASTM-C109 (2008): 
“Compressive Strength of Hydraulic Cement Mortars”. The rate of loading was in the 
range of 1- 2 KN/s. 
3.3.3 Results and discussion 
In this chapter the influence of the combination of the raw materials on the 
compressive strength was analyzed. As each result corresponds to the average of 
three replicates, the variability of the experiments is shown with one standard 
deviation error bars in the figures.  
3.3.3.1 Mixes using OPC  
The average compressive strength of binary OPC - BOS mixes are presented in 
figure 3.13. It can be seen that an increase in the BOS replacement produces a 
decrease in the compressive strength. The reduction in strength is linearly 
proportional to the amount of BOS and the profile is similar for 7, 28 and 90 days. For 
mixes with BOS there is an increase in the compressive strength at 90 days with 
respect to that at 28 days. This can be attributed to the weak cementitious properties 
of the BOS developed at later stages (Shi 2004b). At 90 days replacement with 20% 
of slag shows no negative effect on the strength, and with a BOS replacement of 
30%, a reduction of 7% was obtained. 
 
The results of the average compressive strength of OPC - GGBS mixes are 
presented in figure 3.14. It can be seen that for all ages an increase up to 60% in the 
GGBS replacement produces a slight reduction in the strength, while greater 
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replacements have a more negative effect. At 90 days there was a maximum value of 
strength with a GGBS replacement of 40%; the reduction of strength for this level 
was of 6 percent. 
 
Figure 3-13 Compressive strength of OPC-BOS paste mixes 
Although the mix 60% GGBS + 40% OPC showed a decrease of strength of 20% 
with respect to the reference, it was selected as final binder to be used through out 
the rest of experiments. This high volume GGBS mix can be considerate an 
environmentally friendly mix. 
 
 
Figure 3-14 Compressive strength of OPC-GGBS paste mixes 
The results of the average compressive strength at different ages for the combination 
of GGBS and BOS are presented in figure 3.15. It can be seen that the self - 
hydraulic properties of both materials are limited, especially for BOS, which 
practically did not develop strength by itself after being hydrated. In the same way, 
the results for the mix of 100% GGBS shows that at 7 days there was low strength 
development (2 MPa), while at 28 days there was a slight increase of the strength 
(10 MPa). The previous results confirm that both slags need to be activated to 
develop their full hydraulic cementitious capabilities. 
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The optimum amount of BOS in mixes with both slags is equal to 40%, the strength 
obtained at 7, 28 and 90 days with 40% of BOS were 10, 22, and 30 MPa 
respectively. That shows a continuous hydration that can presumably be explained 
either by the activation or by the reaction of the GGBS with the basicity of the steel 
slag.  
 
Figure 3-15 Compressive strength of BOS-GGBS paste mixes 
The results of compressive strength for the ternary OPC - GGBS - BOS mixes are 
presented in figure 3.16 for 7, 28 and 90 days. The nomenclature used was given 
according to the proportional combinations of the materials. The mix O10G40B50 for 





























































































Figure 3-16 Compressive strength of ternary mixes OPC-GGBS-BOS. Mix O10G40B50 
for example, comprises 10% of OPC, 40% of GGBS and 50% of BOS. 
The compressive strength for any combination of OPC, GGBS, and BOS is shown in 
figures 3.17, 3.18, and 3.19 as iso-response or contour curves. In these figures, a 
new parameter called, in this research, slag index (Is) was proposed. It was defined 
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as the amount of GGBS with respect the total amount of slag (3.6). The figures show 
the variation of the compressive strength for any combination of OPC as a 
percentage (vertical axis) and for any slag index (horizontal axis) at 7, 28, and 90 
days. The contours were drawn with the commercial software Surfer® V8, which 






=  (3.6) 
 
As was expected, the compressive strength increases as the percentage of OPC 
increases. In the same way, the behaviour of any compressive strength isoline at any 
age can be generalized by two lines. An initial “line A” defined by a straight line with a 
negative slope, where for the same strength a decrease in the amount of OPC 
corresponds to an increase in Is, and a horizontal line “line B” where an increase of 
the slag index does not have any effect on the compressive strength. In the figures a 
schematic representation of lines A and B has been included as dashed lines. It is 
important to note that OPC is the most expensive of the materials, followed by the 
GGBS. The commercially optimal mix will be one that includes a minimum of those 
materials. For any specific strength, this optimum corresponds to the intersection 
between lines A and B (point C in the figures). 
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The point C changes its position depending on the iso-line value of strength selected 
and the time at which the compression test was conducted. It can be seen that the 
location of point C is between 40 and 60% of the slag index in most cases; an Is of 
50% is a good estimate. Figure 3.18 shows point C for three mixes. Figure 3.19 
shows the optimized mix O40G30B30, composed of 40% of OPC, 30% of GGBS, 
and 30% BOS.  
 








Figure 3-18 Compressive strength [MPa] contour of the ternary OPC-GGBS-BOS mix at 
28 days 
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3.3.3.2 Alkali activated Mixes BPD – GGBS – BOS 
From figure 3.15 it was observed that the highest compressive strength for the binary 
mix GGBS-BOS had a slag index of 0.6. Keeping this index constant, the strength 
results for the ternary BPD – GGBS – BOS are shown in figure 3.20. For samples 
tested at 7 days it can be seen that the addition of BPD up to 15% did not have any 
beneficial or detrimental effect, the graph is steady across the range. For 28 days, 
the profile of the strength is similar to that for 7 days, although some slight reductions 
were found. For 90 days there is a decrease of strength at 5% BPD replacement, 
followed by a local maximum at 10%, and a final slight reduction at 15%.  
 
For 90 days, the optimum value of strength is at 10% BPD. This value is only 2% 
higher than the mix without BPD. The last finding might imply, taking into account the 
variability of the experiments and materials, that BPD does not react sufficiently to be 
included in the ternary mix. However, as will be explained later, the inclusion of BPD 
helps to shorten the settings times and increases the reactions at early stages.  
 
 
Figure 3-20 Compressive strength of BPD-GGBS-BOS mixes at different times  
3.3.3.3 Sulphated activated mixes PG – GGBS – BOS 
The results of strength for the binary PG-GGBS mixes are shown in figure 3.21. For 
seven days, regardless of the percentage of PG used, the GGBS did not develop any 
degree of activation. There was no evidence of reaction of GGBS due to the sulphate 
in less than one week because for all the levels of replacement the strength was 
below 0.2 MPa. In contrast, the mix of 100% GGBS at seven days obtained a 
strength of 2 MPa. After 7 days the mixes started to develop a sulphate reaction, 
giving acceptable results of strength. For 28 and 90 days there was an increase in 
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strength for all the percentages of PG. For both ages, a local maximum was found at 
10% with compressive strengths of 32 and 48 MPa respectively. Although the GGBS 
was adequately activated through the gypsum, the compressive strength at early 




Figure 3-21 Compressive strength of PG-GGBS mixes at different times  
Mixes of BOS and PG were cast with percentages of 10, 20 and 30% of gypsum. The 
effect of PG on the activation of the steel slag is shown in figure 3.22. For ages less 
than one week the mixes did not set completely and, at the time of the test, the 
strength was less than 0.1 MPa. At 28 days the compressive strength was lower than 
1 MPa, and for 90 days it was between 3.5 and 4.5 MPa. From the compressive 
strength measurements there was no evidence that the BOS was adequately 
activated with the PG sulphate.  
 
 
Figure 3-22 Compressive strength of PG-BOS mixes at different times  
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The results of compressive strength for ternary PG-GGBS-BOS mixes are presented 
in figure 3.23. The names of the mixes are given according to the replacement of the 
material. For example, the mix P05G40B55 has 5% PG, 40% GGBS and 55% BOS. 
For all samples strength always increases with age, indicating continuous hydration 





































































































Figure 3-23 Compressive strength of PG-GGBS-BOS; The mix P05G40B55, for example, 
has 5% PG, 40% GGBS and 55% BOS 
Figures 3.24, 3.25 and 3.26 show the contours of strength for 7, 28 and 90 days 
respectively. In the same way as for the contours for OPC, the graphs have the slag 
index on the horizontal axis and the percentage of PG in the vertical axis. The 
contours show the variation of the strength for a slag index in the range 20% to 80%; 
the results for 0 and 100% were shown in figures 3.21 and 3.22. 
 
For all ages, the optimum mix was found at 5% of PG and has a slag index of 63%, 
corresponding to the mix with proportions: 5% PG + 60% GGBS + 35% BOS. In the 
same way as for the BPD mixes, it must be noticed that the binary mix BOS-GGBS 
with a slag index of 60 % had a similar strength to the optimum selected for PG 
ternary. However, the inclusion of PG accelerates the chemical reactions during the 
first 24 hours, as will be shown later.  
 
Juan Lizarazo Marriaga – Transport properties and multi-species modelling of slag based concretes                              
 
 67







Figure 3-24 Compressive strength [MPa] contour of the ternary PG-GGBS-BOS mix at 7 
days 







Figure 3-25 Compressive strength [MPa] contour of the ternary PG-GGBS-BOS mix at 
28 days 






















Juan Lizarazo Marriaga – Transport properties and multi-species modelling of slag based concretes                              
 
 68
3.3.4 Final binders 
From results of the experimental programme, 5 slag binders activated in different 
ways were selected. As is shown in part 3 of this thesis, those were assessed for 
chloride penetration and their chloride transport-related properties were investigated. 
In addition, a commercial Portland cement was included as a reference material. A 
summary of the final binders selected in this first stage of the research is show in 
table 3.2. Binder 1 is the Portland cement reference. Binder 2 is a frequently used 
ground blast furnace slag mix activated with Portland cement. Binder 3 is Portland 
cement with a replacement of 30% by steel slag, not frequently used, but with some 
previous research carried out. Binder 4 is a ternary binder, with industrial applications 
in China, but with few references in the West. Finally, binders 5 and 6 are novel non-
Portland cement blends not reported previously. 
 
Binder Materials Binder name 
1 100% OPC (reference) OPC 
2 40% OPC + 60% GGBS OG 
3 70% OPC + 30% BOS OB 
4 40% OPC + 30% GGBS + 30% BOS OGB 
5 10% BPD + 54% GGBS + 36% BOS BGB 
6 5%PG + 60% GGBS + 35% BOS PGB 
 
Table 3-2 Final slag mixes selected 
3.4 CONCLUSIONS 
2. Five sustainable and environmental binders were developed according to 
their optimum combination of different waste raw materials. Three of those 
include ordinary Portland cement and two are composed of one hundred 
percent wastes (without ordinary Portland cement replacement). 
 
3. The physical, chemical and mineralogical properties of the raw materials used 
were measured. All of them were in the ranges expected and reported in the 
technical literature.  
 
4. Incrementing the content of steel slag in the binary OPC-BOS mix causes a 
reduction in compressive strength for all ages. BOS replacement levels above 
30% causes significant loss of strength. However, if the BOS replacement is 
restricted to less than 30%, the loss of strength does not exceed 10 percent.  
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5. In OPC-GGBS mixes for all ages an increase up to 60% in the slag 
replacement produces a slight reduction in the strength, while greater 
replacements have a more negative effect.  
 
6. The hydraulic properties of GGBS and BOS are limited, particularly those for 
BOS, which in practice did not develop strength autonomously after being 
hydrated. GGBS showed a small increase of strength after 28 days (10 MPa).  
 
7. GGBS was activated effectively with BOS; at 90 days the combination 60% 
GGBS + 40% BOS showed a compressive strength of 30 MPa. 
 
8. The influence of the replacement level of OPC and BOS on the compressive 
strength of GGBS has been studied in detail. A proposed parameter called 
“slag index” has been introduced and its optimal value found was 0.5 in 
samples with OPC. 
 
9. The mix 10% BPD + 54% GGBS + 36% BOS was determined as the optimum 
for this ternary combination.  
 
10. The content of BPD used in ternary PG, GGBS and BOS mixes was lower 
than 15% because the variability of this material. Increasing the by-pass dust 
(BPD) content resulted in a negligible increase in the compressive strength.  
The combination 10% BPD + 54% GGBS + 36% BOS was selected as the 
optimum mixture. 
 
11. Plasterboard gypsum showed to be a good activator of GGBS. The 
combination 10% PG and 90% GGBS had a compressive strength of 50 MPa 
at 90 days. However at three days the strength for this mix was negligible. In 
contrast, PG did not activate to any significant effect the BOS, the maximum 
compressive strength obtained at 90 days for this combination was only 4.5 
MPa. 
 
12. The mix 5%PG + 60% GGBS + 35% BOS was determined as the optimum for 
this ternary combination.  
 




4 CHARACTERIZATION OF FINAL BINDERS 
In this chapter are presented the results of a range of experiments carried out in 
order to characterize and investigate the hydration mechanisms of the final binders 
selected in the previous chapter. 
4.1 INTRODUCTION  
From the setting times and the early age temperature development, the intensity of 
the early reactions was determined. A mineralogical identification of the different 
hydration phases was made using X-ray diffraction at different ages. pH 
measurement of the extracted pore solution at early ages established the alkalinity of 
the binders, and the change in length measured at early and later ages determined 
the potential shrinkage or expansion of the binders.  
4.2 EXPERIMENTAL METHODS 
4.2.1 Normal consistency 
Normal consistency corresponds to a specific amount of mixing water necessary to 
give the paste a standard condition. It was determined by ASTM C187 (2004) with 
the Vicat apparatus, figure 4.1, by trial and error. A binder paste with a known 
amount of mixing water is placed in a standard mould, below the Vicat apparatus. 
The needle C of 10 mm in diameter and 300 g is brought in contact with the surface 
of the paste and released, and then the penetration is measured. It is necessary to 
repeat this procedure until the normal consistency is obtained when the needle 
reaches a point of 10+1 mm below the surface of the paste in no more than 30 
seconds. Normal consistency is expressed as the ratio of the weight of mixing water 
to binder.  
 
Figure 4-1 Vicat Apparatus used to measure the consistency and the setting times 
Juan Lizarazo Marriaga – Transport properties and multi-species modelling of slag based concretes                              
 
 71
4.2.2 Setting times 
Some time after a hydraulic binder comes into contact with water it starts to lose its 
plasticity, progressively increasing in its stiffness. During this initial process, known 
as setting, the paste becomes brittle, but with no measurable increase in its strength. 
The hardening process is defined as starts once the paste begins to gain strength. 
Both processes are the result of complex hydration reactions of the binder and water. 
According to Popovics (1992) the initial setting is associated with the beginning of the 
stiffening and the final setting corresponds to the disappearance of plasticity. In this 
research the setting time was determined by measuring the changes in its resistance 
to penetration by a standard needle (ASTM-C191 2008). 
 
The standard test procedure consists on the determination of the initial and final 
setting times using the Vicat apparatus. A needle of 1 mm in diameter was 
assembled in the end D. The initial set corresponds to the time when a paste of 
normal consistency allows the needle to penetrate a depth of 25 mm in 30 s and the 
final time corresponds to the time when the needle does not produce any mark on 
the surface of the sample.  
4.2.3 Temperature at early age   
The rate of early hydration of the mixtures proposed was monitored by measuring the 
temperature rise on fresh samples. The procedure to follow the evolution of the 
temperature consisted of introducing the sample into a semi-adiabatic container to 
quantify the temperature profile during the first 24 hours after mixing (figure 4.2). The 
temperature was recorded with an analogue/digital data-logger every minute, using a 
waterproof stainless-steel temperature probe with a high-level linear output of 10 mV 
per degree F. The room where the tests were carried out had a controlled 
temperature of (20±2) °C. The samples tested were mixed according to the 
procedure presented in 3.2.2.1 and were immediately placed inside the adiabatic 
chamber. The water binder ratio for all the mixes was 0.25 by weight. 
4.2.4 pH measurement 
A simple method was used to measure the pH of the raw materials. For each 
material 100 g of powder and 50 g of distilled water were intensely mixed for 3 
minutes until the mixture was completely homogeneous. After mixing, 10 ml of 
suspension were poured into a test tube and the pH measured using a Hanna pH 
electrode with resolution of 0.01 pH. It is important to notice that the pH measured 
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does not correspond to the real pH developed for each final binder during the initial 
hydration. However, the pH comparison between all the raw materials can give some 
ideas about their potential alkalinity.  
 
 
Figure 4-2 Temperature Apparatus (semi-adiabatic container) 
The pH of the pore fluid held within the pore structure of the paste of the final binders 
was investigated a few hours after mixing, using an expression device similar to that 
described by Barneyback Jr and Diamond (1981). The cell used is shown in figure 
4.3. Basically, a high tri-axial pressure (around 500 MPa) was applied to the paste in 
order to remould the pore distribution and express part of the pore solution. Small 
cylinders were cast for each paste mix using plastic bottles of 50 mm diameter and 
60 mm length. For all mixes the water binder ratio was 0.25 and the tests were done 
48 hours after casting. Around 10 ml of pore fluid was expressed from each sample 
and the pH was measured. 
 
 
Figure 4-3 Pore fluid expression device (Barneyback Jr and Diamond 1981) 
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The procedure followed during the experiment was: (i) the cell was assembled clean 
with the sample inside. (ii) A low preload of 5 KN was applied for 5 minutes to push 
everything together and expel air from the system. (iii) The load was increased slowly 
to 200 KN in three stages of up to ten minutes each. Because of the early age of the 
paste samples, there was plenty water in the pores and it was expressed easily with 
this load. (iv) Finally, the collected sample was titrated for pH as soon as possible to 
avoid carbonation. 
4.2.5 X-ray diffraction 
The mineralogical composition for different stages of hydration was determined by X-
ray diffraction analysis (XRD) deploying the same equipment as had been used to 
identify the cementitious powders in chapter 3.2.1.1. For this, samples with a water 
binder ratio of 0.25 were mixed and stored in small plastic bottles with airtight lids to 
protect them from carbonation. The bottles were kept under controlled conditions of 
temperature (20±2 °C) for 3, 28 and 90 days. For any desired age the sample was 
removed from the bottle, ground to a fineness of less than the 200 mesh, and tested. 
4.2.6 Volume stability 
The length change for all final mixes was measured at early and later ages, 
determining their potential expansion or shrinkage. Standard moulds, according to 
ASTM C490 (ASTM-C490 1997) were used to cast prisms 25×25×285 mm for paste 
mixes with a water binder ratio of 0.25. A steel frame with one adjustable and one 
fixed anvil was used to hold the samples while the length was measured using a 
digital length gauge with a 0.001 mm scale. Figure 4.4 shows the equipment used. 
 
 
Figure 4-4 Shrinkage – expansion apparatus ASTM C490 
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4.3 RESULTS AND DISCUSSION 
4.3.1 Consistency 
 The results for the normal consistency measured following the procedure described 
in 4.2.1 are presented in figure 4.5. It can be seen that, for all binders, the 
consistency measured were in the range reported by Popovics (1992) as usual 
values for commercial cements (22 to 28%). For mixes without OPC, the values of 
consistency measured showed a lower water demand, influenced presumably by the 
coarser size of the steel slag. 
 
Although the normal consistency is the amount of mixing water required to give the 
paste a standard wetness, it was stated by Popovics (1992) that it cannot be used as 
direct correlation of the slump of a mortar or concrete. In that way, the results of 
normal consistency were used principally to determine the setting times. The 
selection of a fixed value of wetness (consistency) and not binder content during the 
test was because the amount of water required in hydrating cement affects the 
setting time: pastes with more water require more time for setting. 
 
 
Figure 4-5 Normal consistency of final binders (water to binder ratio) 
4.3.2 Setting times 
The setting times were measured for the six final binders stated in the previous 
chapter.  Additionally, the material composed of 60% of GGBS and 40% BOS, 
hereafter called GGBS-BOS was measured. The change in penetration depth during 
the first hours after mixing is shown in figure 4.6, where a period can be observed for 
all binders when virtually no penetration resistance and where the penetration 
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resistance increases linearly with time. Those two periods are shown schematically in 
the figure with lines “A” and “B” and it can be observed that the results are grouped in 
mixes with and without OPC. The rate of setting for those groups is different; in OPC 
mixes the addition of any slag produces a relatively short delay in the start of setting. 
In contrast, mixes with no OPC showed a prolonged “A” period, which is similar for 
the three non-Portland samples, but, with substantial differences in the period B. The 
inclusion of BPD and PG brings positive effects increasing the rate of setting, 
especially for the former. 
 
Figure 4-6 Needle penetration during the setting times experiments (ASTM C-191) 
The standard setting times are presented in figure 4.7. As discussed in chapter 2, a 
delay was expected in all slag mixes; however, for mixes activated with OPC the 
values of initial time are in the range suggested by ASTM C150 (2007): >45 min and 
<375 min. Figure 4.7-A shows the times measured, and figure 4.7-B shows the 
increase in percentage of the time with respect to the OPC binder. There was a delay 
in the initial time for all slag binders which was higher than the delay in the final time. 
In the same way, the sulphate and alkali activated samples had shorter times than 
the binder composed just of GGBS and BOS. Some benefits were obtained using 
BPD and PG as activators. From the similarities of samples with no OPC presented 
in figures 4.6 and 4.7 it can be argued that the sulphate and the alkali help to 
increase the rate of setting of the GGBS-BOS binders. However, the main reactions, 
at least during the first 24 hours, are the result of the interaction of both slags. 
A 
B 




Figure 4-7 A: Setting times final binders. B: increase in percentage of the time with 
respect to the OPC binder 
4.3.3 Temperature at early age  
The early age development of temperature measured in an adiabatic cell during the 
first 24 hours of hydration is showed in figure 4.8 as increments from the initial value 
of temperature. Although the rate of temperature rise and the maximum temperatures 
were different for each binder, all samples had a similar profile: a sustained increase 
of the temperature until a maximum value was reached; followed by a sustained 
temperature decreasing. It is important to notice that some of the GGBS blended 
samples had a secondary local maximum that will be discussed later. 
 
In the OPC reference sample the temperature increased rapidly during the first 7 
hours and reached an increment of 25°C, after which the sample started to fall in 
temperature until the 22 hours point, when the temperature increase was negligible. 
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smaller and delayed maximum value was found; additionally, the temperature 
reduction had a lower rate. During the first 24 hours it was not expected that the steel 
slag would contribute significantly to the setting and hardening and it can be 
considered as an inert material, at least during the early ages. So, this sample can be 
seen as the same reference sample but with a replacement of 30% of cement with 
30% of fine filler. 
 
In the samples OPC-GGBS, OPC-GGBS-BOS, and BPD-GGBS-BOS in addition to 
the maximum peak, some locals or secondary maximum points were measured. 
These local maximum peaks appeared a couple hours before the maximum peak 
and were followed in all cases by an inflection point. This behaviour reported by Roy 
and Ldorn (1982) is characteristic of the early age hydration of GGBS, and Shi and 
Day (1995) state that the secondary peaks are the result of chemical reactions of the 
granulated slag and the alkalis used as activators. In the same way, De Schutter 
(1999) affirms that the presence of temperature multi-peaks can be explained by the 
fact that the hydration of slag cements is due of two independent reactions: a 
Portland reaction, and a slag-alkali reaction. For the clinker based ternary samples 
studied in this research, presumably there are three mechanisms of hydration: (i) the 
hydration of OPC can develop normal Portland hydration compounds, (ii) the lime, 
alkalis, and gypsum present in the OPC can activate or react with GGBS, and (iii) the 
lime of the steel slag can react with GGBS. In the same way, it is expected for the 
BPD and PG samples that only the last two mechanisms will be present.  
 
The pattern of temperature rise for mixes OPC-GGBS and OPC-GGBS-BOS was 
very similar. The maximum point occurred at around 12°C. However, this occurred in 
the ternary binder with a delay of 2 hours approximately. At 24 hours for both 
samples there were remaining increments of temperature.  
 
The non-Portland binders showed a very similar temperature rise during the first 8 
hours consistent with the results of penetration measured during the setting times.  
After that time, the BPD activated binder showed a spontaneous peak, but thereafter 
quickly dissipated temperature, and after 17 hours it was very similar to the GGBS-
BOS. After 8 hours, the sulphate activated binder began a steady increase in 
temperature, and presumably reached a maximum only beyond 24 hours. For the 
former mix, the late increments of temperature are the result of the sulphate reaction 
with GGBS, as was shown in figure 3.21 took long time. The profile of GGBS-BOS 
showed that by itself it is able to develop some exothermic reactions, the granulated 
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slag is activated by the steel slag, and although the values obtained do not show 


























Figure 4-8 Increment of temperature of final mixes 
4.3.4 pH measurement 
The results of pH for the raw materials are shown in figure 4.9. Since the pH depends 
on the concentration, the powders were all hydrated with a water binder ratio of 0.5 in 
order to obtain the differences in alkalinity. The GGBS, for example, showed the 
lowest value of alkalinity. According to Taylor (1990), this result can explain why if 
granulated slag alone is mixed with water it can develop just a small degree of 
hydration. A protective film deficient in Ca+ inhibits further reaction, but if the pH is 
kept sufficiently high the reaction continues. The lower basicity of GGBS compared 
with the Portland cement has been reported previously by Tailing and Krivenko 
(1997). 
 
Research by Song and Jennings (1999) established that the pH of a mixing solution 
must be higher than 11.5 to activate GGBS. They state that in a pH lower that 11.5 
the solubility of silica is low and GGBS does not dissolve and form silicate hydrates 
as principal compounds. The pH of the Portland cement, steel slag and by-pass dust 
is higher than the blast furnace slag, and presumably influenced their alkaline 
activation. The high pH of the BPD is due principally to the presence of soluble 
alkalis and lime content, while the high pH of the BOS is due principally to the high 
solubility of the lime content.  




Figure 4-9 pH of the raw materials  
Figure 4.10 shows the pH of the pore solution of the final binders, extracted after 48 
hours of hydration using the procedure summarised in section 4.2.4. The pore 
solutions of the samples with BOS had a pH in all cases higher than 13.23. Although 
the lime and metal alkali content for OPC are considerable higher than for BOS (table 
3.1), the pH of the extracted pore solution of the sample of OPC-BOS slightly 
exceeded that of the OPC binder. This was because most of the lime in the BOS 
remained into the pore solution.  
 
According to Song and Jennings (1999), the solubility of the silica in the GGBS 
increases according to its level of alkalinity, affecting the nature and quality of the 
resulting calcium silicate hydrates. They conclude in their study that a C-S-H gel with 
low Ca/Si ratio and hydrotalcite is expected when the GGBS is activated under high 
alkali environments. The pH of the sulphate activated binder was the only one that 
was lower than 13; however, due to the presence of calcium sulphate the production 
of calcium silicate hydrates and ettringite as main hydration products is expected. 
 
 
Figure 4-10 pH of the pore solutions of the final binders after 48 hours of hydration 
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4.3.5 Mineralogy - Hydration 
The development with time of the final binders determined by XRD is shown in 
figures 4.11, 4.13, 4.14, 4.16 and 4.17 using the nomenclature given in table 3.2. 
They show the X-ray pattern obtained after 3, 28 and 90 days of curing under 
controlled conditions of temperature and humidity. The principal crystalline hydration 
products were determined, but it was not possible to determine the amorphous C-S-
H gel by means of this technique. 
 
The X-ray data for the 100% Portland cement reference (OPC), figure 4.11, shows a 
normal pattern which is discussed extensively in reference books (Taylor 1990, 
Hewlett 2004). Calcium hydroxide, known as portlandite (CH), was formed in 
significant quantity from early ages as the result of the hydration of calcium silicates. 
This compound remained stable throughout the period of investigation. Calcite or 
calcium carbonate (CC) was present, probably due to small amounts of limestone in 
the Portland cement. During the mixing and curing the exposure of the samples to 
carbon dioxide was limited (although during the X-ray preparation of the samples or 
during the X-ray scanning there could have been some minor carbonation). It is 
believed that any such carbonation was minimal, and was not significantly 
responsible for the presence of calcium carbonate. The peak found at 29.4° 2θ 
overlaps the calcite and the C3S or alite (C3), however it decreases during curing 
meaning that some cement compounds had a hydration delay. At three days, there 
were still some un-hydrated calcium silicates (C3,C2). They decrease in intensity 
during curing, but at 90 day there were some calcium silicates remaining. As was 
expected, ettringite (E) was present as a stable compound. 
 
The X-ray traces for the 40% Portland cement and 60% Blast furnace slag (OPC-
GGBS) mix is shown in figure 4.11. The system had similar hydration products to 
Portland cement; however, the intensity of Portlandite was lower because a smaller 
amount of OPC was used. It can be noted that the amount of calcium hydroxide 
remains constant during all the period studied. From this observation it can be 
argued that during the hydration of GGBS in a Portland cement system the slag does 
not develop strong puzzolanic reactions and does not consume large quantities of 
the calcium hydroxide available. The alkalis released from Portland cement are 
responsible for activating the slag as is shown in the model of figure 4.12 (Roy and 
Ldorn 1982). Other minerals found in the pattern were calcite, anhydrous calcium 
silicates and ettringite.  





Figure 4-13 X-ray patern of the mix OPC-BOS   
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The X-ray pattern for the 60%GGBS+40%BOS mix is shown in figure 4.14. This mix 
does not include any Portland cement and is made up entirely of slag. It is important 
to notice from the pattern that there is no evidence to suggest the presence of 
calcium hydroxide; this was abundant in the non-hydrated steel slag, but it was not 
found in the hydrated binary slag mix. The absence of portlandite can be explained 
with the following mechanism: -the calcium hydroxide supplied by the BOS is 
consumed by pozzolanic reactions of GGBS before 3 days of hydration, producing 
some sort of calcium silicate hydrates (C-γ-S-H). Although this C-γ-S-H gel sets and 
develops some strength, it is much weaker than that obtained from the slag reaction 
with OPC. It is believed that this mechanism of hydration tends to occur principally in 
non-Portland mixes. For Portland cement slag mixes the mechanism of hydration is 
presented in figure 4.12. Figure 4.15 shows the proposed mechanism of hydration for 
the GGBS-BOS mix. 
 
 












Figure 4-15 Hydration model proposed for BOS-GGBS mixes at early age 
The pattern for the ternary mix 40%OPC+30%GGBS+30%BOS (OGB) is shown in 
figure 4.16. It can be seen that the peaks follow the pattern left by the cement 
hydration and similar minerals were obtained. For this mix, the mechanisms of 
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OPC alone; second, the hydration of the slag through the alkalis available (figure 
4.13): and a third mechanism in which the slag had weak pozzolanic reactions with 
the portlandite available from the steel slag.  
 















Figure 4-16 X-ray pattern of OPC-GGBS-BOS mixes 
The X-ray patterns for the alkali and sulphated activated slag mixes are shown in 
figure 4.17. For both mixes, in the same way as in the steel slag blast furnace slag 
mixture there is not clear evidence of the presence of portlandite after three days of 
hydration. It is believed that the principal mechanism of hydration for these mixes is 
the result of the mixture of the two slags. However, the addition of BPD and gypsum 
produced an increase in the chemical reactions, as was shown in figure 4.8.  
 
The difractogram for the 10%BPD+54%GGBS+36%BOS (BGB) mix shows that 
calcite (CC) and some calcium silicates phases (C2,C3) dominate the spectrum. 
However, those peaks remain constant for different ages, indicating that they are 
quite inert and do not participate strongly in any hydration reaction. It is believed that, 
in addition to the pozzolanic reaction of the GGBS induced by the BOS, the alkalis 
released from the slag activate the blast furnace slag. In the same way, from the 
diffractogram it can be seen that there is no evidence of the presence of ettringite. 
This can be explained because ettringite is a stable compound if there is a sufficient 
supply of sulphates, however if there is not enough the ettringite is converted to 
monosulphoaluminate (Konsta-Gdoutos and Shah 2003). Another mineral detected 
was calcium monochloroaluminate hydrate, known as Frield’s salt, and although the 
chloride content was given in the chemical oxide composition shown in table 3.1, the 
presence of chloride is common in cement kiln dust by-products.  
 
As was expected, the X-ray pattern for the 5%PG+60%GGBS+35BOS (PGB) mix 
shows the presence of stable ettringite peaks of high intensity. This mineral is related 
to the plasterboard gypsum used in the mixture. In the same way as in the BGB mix, 
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it is believed that the CSH gel is formed through two mechanisms, the pozzolanic 
reaction of BOS and GGBS and the sulphate reactions of GGBS.  












Figure 4-17 X-ray pattern of BPD-GGBS-BOS and PG-GGBS-BOS mixes 
4.3.6 Volume stability - expansion 
The volume stability for all mixes is reported as the linear expansion percentage at 
different ages in figure 4.19. No considerable expansion or shrinkage was measured 
for any of the mixes; all the values are smaller than 0.1% and are relatively stable 
over time. No expansion was measured in the mixes containing BOS, in contrast with 
the reported in some papers. The maximum acceptable value of expansion reported 
in the literature is dependant of the application of the binder as was stated by 
Ganjian, Claisse and Pouya (2007); in that way, for the potential alkali reactivity of 
cement-aggregate for example, the expansion is limited in the standards ASTM 
C1260 and ASTM C227 to 0.1%. The dimensional stability of the mix containing BOS 
is attributed to the weathered condition of the steel slag and the compensation due to 
the trend of the GGBS to have some shrinkage.  
 
 
Figure 4-18 Measured expansion of final binders  




The main conclusions to be drawn from the above findings are: 
 
13. The most important physical properties have been measured for the binders 
selected in this research and with the mineralogy obtained with XRD some 
hydration mechanisms are proposed. 
 
14. The setting times of all blended mixtures were extended. OPC blended mixes 
had a small increase of the initial setting time (between 10 and 30%). In 
contrast, non-OPC showed a prolonged initial time, which was around three 
times that measured for OPC samples. 
 
15. The use of BPD or PG reduces the initial and final setting times on GGBS-
BOS mixtures 
 
16. The measurement of the temperature at early age showed that the use of 
waste as cement replacement produces a decrease in the heat of hydration 
generated. The compressive strength of the binary and ternary mixtures 
OPC-GGBS and OPC-GGBS-BOS was relatively similar to the OPC 
reference, however, the decrease in the maximum temperature measured 
was around 40%. 
 
17. The mixtures with no Portland cement showed a minimal increase of 
temperature. However, the addition of BPD or PG to the binary GGBS-BOS 
mixture produces an increase in the hydration reactions, consistent with the 
results obtained from the setting times. Although BPD or PG do not produce 
large increases in the compressive strength, their inclusion in the mixtures 
helps to accelerate the initial hydration. 
 
18. A model for GGBS in presence of BOS has been proposed. The calcium 
hydroxide supplied by the BOS is consumed by pozzolanic reactions of 
GGBS before 3 days of hydration, producing some calcium silicate hydrates 
(C-γ-S-H).  
 
19. The steel slag as used in this research can be deployed as activator for 
GGBS. The material, weathered naturally under laboratory conditions, can be 
used effectively as a binder. The expansion problems reported in the 
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literature were not found in the measured mixes; it gives encouraging results 
for the potential use of blended mixes of weathered BOS and GGBS. 












PART 2: CHLORIDE PENETRATION IN CEMENT BASED MATERIALS 
 
This second part of the research deals with the entire theoretical basis necessary to 
apply the adopted computer model to a migration or diffusion test. Additionally, a 
methodology to obtain the chloride transport related properties was developed using 
the electro-diffusion model, a new electrochemical test (developed to measure the 
membrane potential experimentally), and an optimization technique. 




5 CHLORIDE ELECTRO-MIGRATION IN CONCRETE – “A REVIEW” 
This chapter presents the literature review carried out about the chloride diffusion-
migration in concrete. Here, the theoretical and numerical aspects of the computer 
code adopted to simulate the ionic transport in a porous medium are presented and 
explained in detail.  
 
5.1 INTRODUCTION 
The traditional equations used to simulate chloride ingress into concrete are 
presented in this section (i.e. Fick’s laws, the Nernst-Planck equation, and the 
Nernst-Einstein equation), as well as some aspects of the principal transport related 
properties and variables. Special attention is given to the binding capacity, the 
diffusion coefficient, the membrane potential, the composition of the pore solution 
and the electrical current during a migration test.  
 
In order to define concrete properties, the most popular chloride experimental tests 
are reviewed. The pure diffusion tests are just named; however, the migration tests 
are summarized in detail. That interest in migration tests was motivated by the 
application of an electrochemical test to validate, understand, and improve the model 
used during the research. This model, developed previously at Coventry University, 
is presented in detail in the last part of this chapter.  
5.2 CHLORIDE INGRESS IN CONCRETE 
Corrosion of steel reinforcement is the major cause of deterioration in concrete 
structures, where carbon dioxide and especially chlorides are the main causes of 
damage. The rate at which chloride ions diffuse through concrete is a major 
determinant of the durability of structures. If chloride ions reach the vicinity of the 
rebar, the passive film around the steel can start to break down and the process of 
corrosion begins. 
 
Different mechanisms of transport can lead the movement of ions inside porous 
media, including diffusion, migration, capillary suction and convective flow (Claisse 
2005). Usually, in order to determine the ionic transport in concrete (when there is no 
applied pressure) only the diffusion is measured; however, some complications arise 
because of the nature of the material:  
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• Diffusion of ions in the pore solution of concrete occurs in long periods of time 
(months). 
• Ions are not neutral particles. Because they are electrically charged, they 
interact with particles of the opposite charge. This interaction should be taken 
account of in order to understand the transport phenomena. 
• Physical and chemical binding can occur between ions and the different 
cement compounds. 
• Concrete is not an ideal solution. Ions moving inside a concrete sample 
cannot move freely - they have to describe a path defined by a) the 
development of the pore structure of hydrating cement compounds, and b) 
the aggregate-cement paste interface.  
• Cement production includes supplementary mineral admixtures such as fly 
ash, blast furnace slag, silica fume and others, which can affect the diffusion 
of ions.  
 
The classical approach of ion transport in solutions states that if there is a difference 
in the concentration of ions in different regions this gradient produces a flow of ions. 
Such a movement is called diffusion. In the same way, if there is a difference of 




Figure 5-1 Schematic representation of the ionic diffusion and migration processes 
(Bockris and Reddy 1998) 
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In the evaluation of chloride penetration resistance pure diffusion tests take a long 
time; however, engineering and construction times are shorter. To overcome this 
problem, a pure diffusion can be accelerated by the application of an electrical 
potential gradient (migration tests). Under the influence of an electrical field ions 
experience a force directing them towards whichever has the opposite charge 
(Bockris and Reddy 1998). The time needed to perform a pure diffusion test may be 
months; by contrast, a migration test can be carried out in a matter of hours or 
perhaps a couple of days. 
 
Usually, the movement of ions within a solution can be expressed as a flux J, “the 
number of moles of a specie i (any sort of ion) crossing per second per unit area of a 
plane normal to the flow direction” (Bockris and Reddy 1998). The flux J is initially 
time dependent but circumstances may cause it to become time independent. Thus 
two different conditions are found in a sample of concrete under an experimental test: 
steady and non-steady state conditions. 
 
The relationship between the flux Ji and the concentration ci in a solution has been 








−=   (5.1) 
 
where Ji is the flux of species i [mol/m
2/s], Di is the diffusion coefficient of species i 
[m2/s], Ci is the ionic concentration of species i in the pore fluid [mol/m
3], and x is the 
distance [m]. For non-steady state conditions when concentrations are changing with 
time, Fick’s Second Law (5.2) can be used (Basheer 2001). The deduction of 
















  (5.2) 
 
Figure 5.2 shows how the concentration of chloride ions varies over time for a 
diffusion process. Before t0 the diffusion of ions is in a non-steady state condition. 
After time t0 the sample has reached a diffusion steady state, where tC ∂∂ /  has 
become constant.  














Figure 5-2 Non-steady and steady state conditions (Basheer 2001). 
In the same way as for Fick’s Laws, the expression known as the Nernst-Planck flux 
equation describes the flux of an ionic species under several possible driving forces. 
When there is a chemical potential or concentration gradient, an electrical field, and a 


















−=  (5.3) 
 
where zi is electrical charge of specie i, F is the Faraday constant [9.65 x10
4 
Coulomb/mol], R is the gas constant [8.31 J/mol/ºK], T the absolute temperature [ºK], 
E the electrical voltage [V], and V the velocity of the flow due to pressure gradient 
[m/s].  
 
If the material is fully saturated and does not have pressure gradients, the convection 
phenomena (CiVi) can be ignored (Andrade 1993). In the same way, according to 
Nilsson (1996), in some situations, if an external electrical potential difference applied 
exceeds 20 V/m, the diffusion term in equation 5.3 can be eliminated, leaving the 
pure electrical migration given by equation 5.4. In this equation,  it is assumed that 
the voltage drop across the concrete is linear, the steady state conditions have been 
reached, the source chloride concentration is constant, and the heating of the 












=  (5.4) 
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The Nernst-Planck equation 5.3 does not however take into account the chemical 
activity of the electrolytic solutions. From the electrochemistry, a term including a 
chemical activity coefficient (γ) could be added generating equation 5.5 (Yang, Cho 
and Huang 2002). For an infinitely (ideal) diluted solution the chemical activity 
coefficient has a value equal to 1, but when solutions have a high ionic strength as in 





























  (5.5) 
 
In another approach, Lu (1997) stated that if concrete is considered a solid 
electrolyte, the diffusivity of charged species i is related to its partial conductivity σi, 
and this relation is know as the Nernst-Einstein equation. If the partial conductivity 
and the concentration are known, the diffusivity of this particular species can be 










=   (5.6) 
 
As was mentioned, Fick’s Laws, Nernst-Planck, and Nernst-Einstein equations are 
well known in the field of electrochemistry and can be used when there is an ideal 
electrolytic solution penetrating an inert porous medium. However, as concrete is by 
nature a complex porous material, to properly apply these equations it is important to 
define and understand the principal properties and variables that affect the transport 
mechanisms of chloride in concrete.  
5.3 CONCRETE CHLORIDE TRANSPORT RELATED PROPERTIES AND 
VARIABLES 
5.3.1 Binding capacity 
Binding capacity is defined as the interaction of ionic species diffusing or migrating in 
saturated concrete with the cement matrix. Although the ionic transport takes place 
entirely through the pore system, the chemical and physical reactions of ions with the 
solid phases modify the rate of transport and should not be neglected. For chlorides, 
that interaction has been a matter of intense study and well-defined models are 
available. For other species such as alkalis and hydroxides, it is known that there are 
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strong mechanisms of binding, although there is a severe lack of studies or models 
currently available in the literature.  
 
Chlorides can be present in concrete in two distinct forms - free chloride ions found in 
the concrete pore solution, and chloride ions bound physically or chemically to the 
solid concrete matrix. The total chloride concentration is the sum of these free and 
bound chlorides. 
bft CCC +=  (5.7) 
 
Ct, Cf and Cb are the total, free and bound chloride concentrations respectively. The 
experimental determination of the chloride concentration of a contaminated concrete 
can be made through standardized tests. The water-soluble procedure (ASTM-
C1218 2008) can be used to quantify the free or weak bounded chloride 
concentration, which is responsible for the corrosion of steel reinforcement bars 
(Suryavanshi, Scantlebury and Lyon 1998), meanwhile the acid-soluble procedure 
ASTM-C1152 (2004) measures the total chloride concentrations. Although both types 
of chlorides can be measured by the standards given, in the process of evaluating 
the free chloride contents there are some difficulties (Mohammed and Hamada 
2003). Specifically, the water-soluble chloride test is rather less accurate than the 
acid soluble test because some of the "bound" chlorides can be released during the 
test. For this reason the total concentration is usually experimentally determined.  
 
Quantifying how many chloride ions are adsorbed by the concrete matrix is important 
because the bound ions do not participate in the ionic transport phenomena. Different 
experimental approaches can be found in the literature for measuring the binding 
capacity: the equilibrium method (Tang and Nilsson 1993), an immersion test under 
equilibrium (Larsen 1998), a local equilibrium approach (Khitab, Lorente and Ollivier 
2005), a binding capacity factor (Atkinson and Nickerson 1984), a non-equilibrium 
approach (Rubin 1983), and binding isotherms for non-steady state migration 
experiments (Castellote, Andrade and Alonso 1999a). 
 
Chloride binding can be explained either by chemical or physical interactions 
between chlorides and the hydration products of concrete. Chemical binding forms 
compounds like Frieldel’s salt (Ca3Al2O6CaCl210H2O), where an increase in the 
amount of C3A and C4AF in the cement paste determines an increase in its capacity 
of binding. Physically bound chlorides can be adsorbed by the amorphous calcium 
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silicate hydrates. Although both mechanisms can be present, the binding of chlorides 
in concrete is dominated by the chemical one. Mineral admixtures like fly ash and 
ground blast furnace slag increase the chloride binding due to the high content of 
aluminate hydrates in those materials. In contrast, silica fume tends to reduce the 
chloride binding. In presence of carbonation and sulphates the bound chlorides can 
be released (Yuan et al. 2009). 
 
The binding of chloride ions has been extensively analysed in the literature, where it 
has been demonstrated that non-linear isotherms can be used to make good 
representations of the adsorption phenomena. An isotherm defines a relationship 
between free and bound ions over a range of concentrations at a given temperature. 
The most commonly used isotherms are the linear sorption isotherm (Yuan et al. 
2009) equation 5.8, the Langmuir isotherm  (Delagrave et al 1997) equation 5.9, and 
the Freundlich isotherm, equation 5.10 (Truc 2000). Usually the isotherms are shown 
in graphs with bound chlorides Cb along the ordinate axis [ads ions/volumesolid] and 
free chlorides Cl as abscissa [free ions/volumepores]. 
 










=  (5.9) 
βα fb CC =  (5.10) 
 
α and β are constants obtained experimentally. Figure 5.3 shows an example of the 
linear, Langmuir, and Freundlich isotherms for some α and β values. 
 
 
Figure 5-3 Chloride linear, Langmuir, and Freundlich isotherms 
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5.3.2 Diffusion coefficient 
The diffusion coefficient represents the capacity of any specific concrete to resist 
ionic penetration, and is used to predict the service life of reinforced concrete 
structures. Following equation 5.1, the diffusion coefficient is defined as the flux of 
the diffusing substance divided by the space gradient of concentration at the section. 
 
Concrete is not an ideal solution, due, in part, to its microstructure, but also to the 
binding reactions between ions and the cement matrix. The definition of the diffusion 
coefficient then varies according to the assumptions made in the case of modelling, 
or according to the test in the case of experimental determination. A complete 
definition of the diffusion coefficients used in the model applied in this research will 
be given in section 5.7.  
  
The diffusion coefficient in Fick’s First law can be expressed as the effective diffusion 
coefficient (often known as intrinsic). It relates to the diffusivity of the pore solution 
rather than the diffusivity of the porous medium. In its experimental determination, 
the microstructural properties are not accounted for (i.e. porosity, tortuosity, or 
binding capacity). 
 
The apparent diffusion coefficient Dapp, which does takes account of the porosity, 
tortuosity, and the binding capacity of the concrete matrix (Truc 2000), is calculated 
experimentally by the determination of the total or free chloride concentration profiles 
after a non-steady state diffusion test. For this, the so-called complementary error 
function erfc is usually used, which corresponds to the solution of Fick’s Second Law 
presented by Crank (1976). The apparent diffusion coefficient is determined by fitting 
profiles of chloride concentration to Fick’s Second Law of diffusion (Nokken et al. 











−=−   (5.11) 
 
C(x,t) is the concentration of chloride after a time t  at a distance x from the surface of 
the sample, ercf is the complement of the error function erf, Cs is the steady chloride 
concentration at the surface, and C0 is the initial chloride concentration of the 
concrete sample. 
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5.3.3 Membrane potential 
The mechanism of chloride penetration into concrete is a topic that so far has not 
been clarified at all well. Different theories and methods have been proposed in the 
last 20 years; however, a long research path has to be covered. The differences that 
exist between the theoretical and experimental results indicate that there is 
something missing in the way that transport of chloride ion into the concrete is 
approached. Although the chloride ion penetration is a major concern due to the 
deterioration of the steel in reinforced concrete structures, its diffusion cannot be 
determined correctly without accounting for the interactions between the different 
ionic species present in the pores of the concrete, such as OH-, Na+, Ca2+ and K+, 
(Truc 2000, Zhang and Gjorv 1996). 
 
The mobility of any ion in concrete is related mainly to the chemical potential of the 
ion (concentration gradient), the electrical potential (if it exists), the charge of the ion, 
the concentration of each species in the pore solution, the tortuosity of the pore 
network, the porosity of concrete, and the reactions taking place between the ions 
present in the porous and the cement hydration products. These reactions can be of 
dissolution, of decalcification or of binding (Sugiyama, Ritthichauy and Tsuji 2003, 
Yang 2006). 
 
For a fully saturated concrete sample with a difference in the concentration of ions in 
different regions and a constant difference of electrical potential, in the same way as 
the Rapid Chloride Penetrability Test ASTM-C1202 (2005) or NT 492 (1999), the 
total flux Ji for each species in the system must be the sum of the migration flux (JM)i 
and the  diffusion flux (JD)i. 
 
Ji= (JM)i  + (JD)i  (5.12) 
 
The flux due to a concentration gradient in a solution corresponds to equation 5.1. In 
an ideal solution the driving force for diffusion can be considered in terms of the 
chemical potential of the particular species i. In the same way, the electrical field is 
proportional to the driving force for migration. In an electrolytic system under a 
potential difference, in addition to the transport of charge that occurs as the current 
flows, there is also an accompanying ionic transport. The migration flux of species i is 
defined by equation 5.13 (Hamann, Hamnett and Vielstich 2007). 
 








−=)(  (5.13) 
 
where ui is mobility of species i in the pore fluid [m
2 s−1 volt−1]. In the same way, the 
diffusion coefficient is proportional to the mobility of each ion (Bockris and Reddy 
1998). 
 
ii RTuD =  (5.14) 
 
As was stated before, the Nernst-Planck equation governs the ionic movements in 
concrete due to the chemical and electrical potential (Andrade 1993) (without a 


















−=   (5.3) 
 
The Nernst-Planck equation assumes that the flux of each ion is independent of any 
other ion. However, due to ion-ion interactions there will be ionic atmospheres that 
affect the final flux. The drift of a species i is affected by the flows of other species 
present. Physically, the law of electroneutrality ensures that no excess of charge can 
be introduced (Bockris and Reddy 1998). Under a concrete migration test, the current 





ii JzF0    (5.15) 
 
Faraday’s law states that the current density (ii) is equivalent to the ionic flux. 
 
iii FJzi −=  (5.16) 
 
In an electrolyte solution in which concentration gradients of the ionic species and an 
electrical field are present, the total current density (iT) is equal to the sum of the 
current density produced by the diffusion and the migration conditions. 
 





iMDiT JJFzi )(  (5.17) 



















22   (5.18) 
 
The electric potential gradient is given by two terms: a linear or ohmic potential and a 



























    (5.19) 
 
 
The first term is related to the ohmic potential when an external voltage is applied. 










cuFzJFzii 22)(   (5.20) 
 
According to Ohm’s law and by inspection, the conductivity can be defined as 











22κ  (5.22) 
 
The second term of Equation 5.19 is that for the membrane potential gradient 
pE∂ / x∂ , formed when various charged species have different mobility. In a concrete 
migration test the non-linearity of the electrical field is due to the membrane potential 
gradient, and it is equivalent to the liquid junction potential (Lorente et al. 2007) 
 
Ohmic potential Membrane potential 



























Under migration, since the current density due to an ionic species i is related to the 
mobility of the ion and the mobility of each ion is different, it can be stated that all 
ions feel the externally applied electric force, but some will respond by migrating 
more than others. In a system with the same concentration for all ions, those with 
higher mobility contribute more to transporting the current through the sample. A 
quantitative measure of the current transported by each ion with respect to the total 
current is known as the transport number (ti) (Castellote, Andrade and Alonso 

















  (5.24) 
 
Likewise, the internal electrical field due to the diffusion potential can be expressed in 






















The non-linearity of the electric field in a migration test can be explained from a 
physical point of view. At the start of the test the field is uniform across the concrete; 
however, when the different ions start to migrate due to the external voltage applied, 
they cannot move freely, they are charged particles and thus interact with species of 
opposite signs. In a solution of sodium hydroxide, for example, the hydroxide ion will 
tend to move more quickly than the sodium ion due to its higher mobility, but, as they 
have different charge, an electrical field is developed between them in order to slow 
down the faster ions and accelerate the slower ions. This electrical field is the same 
diffusion or membrane potential gradient shown before and is also known as the 
liquid-junction potential (Revil 1999). 
 
The membrane potential affects the external electrical field across the concrete, and 
its effect over the sample can be explained in term of resistances (Claisse 2006). 
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Each point within the concrete sample has a variable resistivity during a migration 













Figure 5-4 Voltage variation in a migration test (Claisse 2006) 
5.3.4 Composition of the pore solution 
The composition of the solution into the pores of hydrated concrete materials defines 
the conductivity of the material. In a fully saturated concrete sample the conductivity 
depends on the geometry of the pore structure, on the characteristics of the raw 
materials, and on the exposure conditions as either contamination of salts or 
carbonation. The electrical conductivity of the most used aggregates, such as e.g. 
silica sand or granite, is extremely low and is negligible when compared with the 
conductivity of the cement paste (Wee, Suryavanshi and Tin 1999). The cement 
paste is formed by different hydration products of cement, mainly tobermorite gel and 
porlandite, and by a porosity network full of different ions. In the same way as the 
aggregates, the hydration products can be considered as insulators, and 
consequently, the overall conductivity of concrete is related to the flow of ions over 
the porosity formed in the cement paste, which provide the paths of least resistance 
for electrolytic conduction. 
 
For ordinary Portland cement, sulphate resistant, slag, silica fume, and fly ash 
cements the dominating cations in the pore solutions are Na+ and K+ (Andersson et 
al. 1989). A fresh concrete, just a few hours after mixing, presents several 
concentrations of Na+, Ca2+, K+, OH- and SO4
2- coming either from the cement 
compounds or from the mixing water. After hardening, the Ca2+ and SO4
2- are 
consumed in a high proportion leaving within the pores a solution composed 
essentially of alkali hydroxides (Shi 2004a). In concrete free of carbonation the 
concentration of hydroxyl ions is in the range 0.1 M to 0.9 M, because of the 
presence of NaOH and KOH (Bertolini et al. 2004).  
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The use of mineral and chemical admixtures changes the composition of the pore 
solution of concrete. Different studies have shown how the use of silica fume, ground 
blast furnace slag, metakaoline, fly ash (Page and Vennesland 1983, Glasser, Luke 
and Angus 1988) and corrosion inhibitors or accelerators (Corbo and Farzam 1989) 
have a strong effect on the chemical composition and conductivity of the pore 
solution. The addition of supplementary cement materials results in a moderate 
reduction of ionic concentration and of the pH.  
 
Shi (2004a) studied the effect of some mineral admixtures on the chemical 
composition of the pore solution. Slag, for example, if it is at levels of 60 to 70 % 
reduces the concentration of OH- in the pore solution. The concentration of Na+ 
increases and the concentration of K+ decreases. The effect of fly ash is strongly 
dependent upon the type of ash and composition of alkali, calcium and silica.  It can 
either increase or decrease the Na+ and K+ in the pore solution depending on 
whether low-CaO or high-CaO fly ash is used respectively (Shehata, Thomas and 
Bleszynski 1999). Silica fume in low amounts of replacement, for instance 5 %, can 
reduce the amount of hydroxides and is responsible for the depletion of the alkali 
compounds. Increasing the percentages of silica fume further causes a decrease in 
the alkalinity of the pore solution (Page and Vennesland 1983). 
 
Bertolini et al. (2004) has published a summary of the ionic concentrations measured 
in the pore solution extracted mechanically from cement pastes, mortars and 
concretes of ordinary Portland cement, and mineral admixtures. In table 5.1 are 
shown the experimental results reported. This table is very important because for 
different mixes, it gives an initial idea about the principal ions contained in the pore 







































Low C3A content (7.7%) 
High C3A content (14.1%) 
Interval of values from pastes exposed to environment with different CO3 concentration 
n.a.=Concentration no available  
Table 5-1 Chemical composition of the pore solution of various concrete materials 
(Bertolini et al. 2004) 
5.3.5 Transient current in a migration test 
Despite many criticisms (Feldman et al. 1994), the ASTM C1202-RCPT is one of the 
world leading tests for assessing permeability of concrete. In the RCPT the total 
charge is related to the movement of all ions in the pores rather than the flux of 
chlorides, and for concrete containing mineral admixtures, the test has been 
proposed for measuring just the conductivity rather than the permeability (Wee, 
Suryavanshi and Tin 2000). All the doubts surrounding the migration test are related 
to a failure to understand the physical and chemical phenomena during the test: 
transient current, electric field, conductivity, diffusion, adsorption, etc. 
 
The ASTM C1202-RCPT is a test designed for solving the problem of quality 
assessment of concrete in the construction industry, where a rapid and easy test is 
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necessary. One of the principal contributions of the test developed by Whiting (1981) 
is the use of current, a parameter that can be easily measured for ranking different 
concretes. In the same way, different researchers have proposed using current in a 
migration test for estimating the diffusion of chloride coefficients (Yang, Chiang and 
Wang 2007, Yang, Cho and Huang 2002). 
 
Although in a migration test the total current is related to all the ions available in the 
system (equation 5.21), it is related also to the chloride flux across the sample. This 
can be shown using the Nernst-Einstein equation and the chloride transport number 
(Lu 1997). In the same way, the chloride migration rate, kcl [mol/L/h] can be found 
from the charge. The total charge QT can be obtained as the area under the current-
time graph.  
= dtiQ TT  (5.26) 
 
According to Faraday’s law (Yang 2003), the charge passed carried by chloride ions 
(Qcl) is related to the number of moles of chloride that pass through the sample.  
 
clcl FnzQ =  (5.27) 
 
Where ncl is the number of moles of chloride in the anode. Using equations 5.24, 




















===  (5.28) 
 
The chloride migration rate can be defined by equation 5.29, where V is the volume 








k ==    (5.29) 
 
This equation, as well as the Nernst-Planck and Nernst-Einstein equations shows 
that from a theoretical point of view the transient current can be used to assess the 
chloride transport properties of concrete. However, in practice tCl is not known, and 
changes during the test. 
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5.4 DIFFUSION TESTS 
The Salt ponding test (AASHTO 1997) and Bulk diffusion test (NTBuild-443 1995) 
are examples of non-steady state chloride diffusion tests. Steady state chloride 
diffusion tests are more time consuming and the coefficient of diffusion is calculated 
using Fick’s First Law of diffusion (Glass and Buenfeld 1998). They are carried out in 
a traditional diffusion cell setup where the upstream compartment is the chloride 
source and the downstream compartment must be chloride free at the start of the 
test. The chloride flux is calculated measuring the rate of change of chloride 
concentration in one of the compartments after the steady state is reached. More on 
the testing of the diffusion can be found in Hooton, Thomas and Stanish (2001).  
5.5 MIGRATION TESTS 
As one of the main objectives of this research was to develop a migration test to 
obtain more information about chloride penetration and improve our understanding of 
the ionic transport mechanisms in concrete, migration tests are discussed in detail. 
Those are summarised in this section, where the main part of the information is from 
reference sources. In table 5.2 the test methods that have been reviewed are 
summarised. 
 
The principle of electromigration tests is to apply a constant potential difference 
across a fully saturated sample. These tests are usually performed in two chamber 
cells with the concrete in the middle and each cell full of a defined solution. As 
chloride is the ion of interest and the pore solution of concrete contains sodium, 
potassium and hydroxyls, these species are the most commonly used to fill the cells. 
The size of the concrete sample is usually a cylinder of 100 mm diameter and length 
of about 15 to 50 mm. The duration of the test is a function of the thickness of the 
cylinder. It is necessary to have a sufficient length in order to avoid the influence of 




“Rapid chloride permeability test 
(RCPT)”. 
Whiting (1981) 
AASHTO T277  
ASTM C 1202-05 
Nordtest method NT335  “Chloride 
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Nordtest method NT492: “chloride 
migration coefficient from non-steady-
state migration experiments”. 
NTBuild-492 (1999) 
AASHTO-TP-64-03: “Test for predicting 
chloride penetration of concrete by rapid 
migration procedure.” 
AASHTO-Tp-64 (2003) 
JSCE-G571-2003: ”Test method for 
effective diffusion coefficient of chloride 
ion in concrete by migration” 
JSCE-G571 (2003) 
Migration chloride Test  Dhir et al. (1990) 
CTH migration test Luping and Nilsson (1992) 
Rapid chloride conduction test Streicher and Alexander (1995) 
Conductivity concrete test Lu (1997) 
Steady state chloride migration test Delagrave, Marchand and Samson 
(1996) 
Steady state chloride migration test Mcgrath and Hooton (1996) 
Electromigration test Otsuki et al. (1999) 
Concrete tube - migration test. Prince, Perami and Espagne (1999) 
Non-steady state migration test - 
"ponding test". Castellote, Andrade and Alonso (2000) 
LMDC - concrete migration test. Truc, Ollivier and Carcasses (2000) 
Accelerated chloride migration test 
(ACMT). Yang and Cho (2003) 
CTH migration test modified with sodium 
iodide (NaI) ion. (Lay et al. 2004) 
In-situ rapid chloride permeability test. Whiting (1984) 
PERMIT in situ ion migration test. Basheer et al. (2005) 
 
Table 5-2 Summary of the test chloride migration methods reviewed 
5.5.1 Non-steady state migration tests 
The first non-steady state test was developed by Whiting (1981), and is known as the 
“rapid chloride permeability test (RCPT)”. The test is used extensively in the concrete 
industry for assessing concrete quality and is included in concrete specification 
documents (Bentz 2007). The standards are AASHTO T277 (2007) and ASTM C 
1202. These two standards are described in detail in sections 5.5.1.1 and 5.5.1.2. 
 
Another non-steady state migration test is the Nordtest Method NT-492 (1999) 
approved as a standard in Finland in 1999. It was first developed by Tang and 
Nilsson (1992) at Chalmers University, Sweden, and called CTH (Chalmers Tekniska 
Högskola). The standard has some modifications from the original test in accordance 
with recommendations from a Nordic seminar (Luping 1997). The test can be used 
either for steady state or non-steady state migration tests. Tang provided the 
mathematical theory for calculating the migration coefficient and the set-up of his 
CTH test is almost the same as in the standard.  
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In 2003 AASHTO proposed the standard TP64 (ASSHTO 2003) based on Nordtest 
NT 492. The rapid migration test is a provisional AASHTO standard (Obla and Lobo 
2005).   
 
Castellote, Andrade and Alonso (2000) and Andrade et al. (1999b) developed a non-
steady state migration test using a device similar to the "ponding test". It is shown in 
figure 5.5. The cathode was a stainless steel mesh which was filled with a 0.5 M 
NaCl solution. The anode was a steel plate and a damp sponge was placed between 
the electrode and the concrete sample. The voltage applied was 12 V. The duration 
of the test was variable according to the thickness of the sample, ranging from 7 to 
28 days. 
 
Figure 5-5 Non-steady state migration test proposed by Andrade et al. (1999b) 
In other research, Castellote, Andrade and Alonso (2002) investigated the chloride 
threshold value for depassivation of the steel embedded in concrete and the 
simultaneous determination of the non-steady state diffusion coefficient. They used 
an accelerated method similar to that used by Andrade et al. (1999b), but a 
reinforced steel bar was embedded in the concrete samples.  
 
Lay et al. (2004) proposed a method for measuring the migration coefficient of 
chloride-contaminated concrete for existing structures exposed to an environment 
containing chlorides or concrete produced with chlorides in the mixing materials. Lay 
stated that contaminated concrete cannot be tested with a conventional non-steady 
state test (CTH) because the chlorides interfere with the common colorimetric 
indicator used. Similarly, the carbonation may also interfere with the penetration 
depth reading. The proposed test substitutes chlorides in the CTH migration test with 
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sodium iodide (NaI), a different ion, but with similar properties. The indicator 
proposed was a solution of potassium dissolved in acetic acid.  
5.5.1.1 Concrete’s Ability to Resist Chloride Ion Penetration ASTM C1202-05 
In this test a slice of concrete 50 mm thick and of 100 mm diameter is placed 
between two electrodes and 60 volts D.C. are applied. One of the cells is filled with a 
0.30 N NaOH solution and the other cell is filled with a 3.0% NaCl solution. The 
curved surface of the specimens is coated with epoxy; and the conditioning of 
specimens prior the test is to vacuum the samples for 3 h under a pressure of 6650 
Pa. De-aerated water is added to immerse the specimen and the vacuum level is 
maintained for another hour. The specimens are soaked in water for the next 18 h 









Figure 5-6 Rapid Chloride Permeability Test 
During the test the main parameter measured is the flow current through the sample 
for a period of 6 h. The total charge passed (coulombs) is determined by calculating 
the area under the plot of current (A) vs. time (S). For this reason the test is known 





Chloride Ion Penetrability 
>4,000 High 
2,000 - 4,000 Moderate 
1,000 – 2,000 Low 
100 – 1,000 Very low 
<100 Negligible 
Table 5-3 Chloride ion penetrability based on charge passed (ASTM C1202) 
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The RCPT has been used as an indirect measurement of the chloride ion diffusion 
and comparison with results from other methods and tests have been used to 
establish relationships with other physical features of concrete (Andrade and Whiting 
1995, Wee, Suryavanshi and Tin 2000). In the first research by Whiting (1981) he 
found that the charge passed through the concrete corresponded well with results 
using the ponding test. However, Patrick, Mcgrath and Hooton (1999) found a poor 
correlation between the results of RCPT and those of the ponding test. 
 
Since the introduction of the test as a standard, it has suffered some criticisms about 
its usefulness to determine the chloride diffusion (Feldman et al. 1994). The total 
charge is related to the movement of all ions in the pores rather than the flux of 
chlorides, and at the start of the test there are actually no chlorides in the samples. 
Also, because of the voltage applied (60 V) the measurement conditions are severe. 
For low-quality or young concretes, the temperature in the system can be increased, 
changing the physical and chemical conditions of the sample (Zhang and Gjorv 1991, 
Roy 1989, Mccarter, Starrs and Chrisp 2000). Since electrical conductivity is 
sensitive to temperature, heating will result in different measured coulomb values 
(Julio-Betancourt and Hooton 2004, Stanish, Hooton and Thomas 2000). 
 
For concrete containing mineral admixtures, the RCPT can be used to measure its 
conductivity rather than its permeability (Wee, Suryavanshi and Tin 2000). Some 
researchers such Shane et al. (1999) discuss the validity of the test for assessing 
concrete containing mineral admixtures such as silica fume, fly ash and slag, which 
may have reduced OH- concentration. Wee, Suryavanshi and Tin (1999) state that 
the information measured during the test reflects the resistivity properties of concrete 
rather than the chloride ion penetrability. 
5.5.1.2 Chloride Non-Steady State Migration Experiment, NT BUILD 492-1999. 
This test method requires cylindrical specimens of 100 mm diameter and a thickness 
of 50 mm. Three specimens should be used in each test. An external electrical 
potential is applied across the sample in order to force the chloride ions to migrate 
into the concrete. After the test, the sample is split and a silver nitrate solution 
sprayed on to one of the sections. The penetration depth is measured from the 
chloride precipitation, and the migration coefficient can be calculated using equations 
given in the standard. 
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The preconditioning of the samples before the test is almost the same as that in the 
ASTM standard; however, the fluid used for soaking the samples is a saturated 
Ca(OH)2 solution. In the same way, the solutions used in the cathode and anode are 
a 10% NaCl and a 0.3 N NaOH respectively. Figure 5.7 shows the arrangement of 
the migration set up.  
 
The voltage and the time used in the test depend on the electrical properties of the 
concrete sample. First, an initial current I30V is obtained from an initial voltage of 30 V. 
With this current, the voltage to be applied in the test, U, is found from the standard. 
Finally, once the voltage U is applied, the test duration in hours is obtained from the 
standard using the possible new initial current I0. 
 
 
Figure 5-7 Arrangement of the migration test NTBuild-492 
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Figure 5-8 Determination of the voltage and time used in the NTBuild-492 
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According to the standard the non-steady state migration coefficient can be found 





























RT dα  
 
where Dnssm is the non-steady state migration coefficient, [m
2/s], z the absolute value 
of ion valence, for chloride z = 1, U the absolute value of the applied voltage [V], T 
the average value of the initial and final temperatures in the anolyte solution [ºK], L 
the thickness of the specimen [m], xd the average value of the penetration depths 
[m], t the test duration [S], erf–1 the inverse of error function, cd the chloride 
concentration at which the colour changes 0.07N for OPC, c0 the chloride 
concentration in the catholyte solution and Ef the electric field applied [V/m]. 
 
In the same way as the ASTM C1202, the NORDTEST 492 has suffered some 
criticism concerning temperature rise, movement of all ionic species in the concrete 
pore solution, mineral admixtures, and chemical admixtures such as calcium nitrite. 
Notwithstanding this, the test has been used extensively for finding the non-steady 
state migration coefficient for chloride. 
5.5.2 Steady state migration tests 
The literature survey carried out in the field of chloride migration tests shows that 
almost any migration test developed in the last few years is based on the set-up 
proposed either by Whiting (1981) or Luping and Nilsson (1992). The main 
differences between testing methods are the voltage that is applied, the thickness of 
the concrete sample, the duration of the test, the volume of each cell, and the 
chemical composition of each solution used in the cells. 
 
Usually, in a steady state migration test, the concentration of chlorides is measured 
when the flux of chloride ions passing through the sample has reached the steady 
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state condition. In a saturated sample once the flux of chlorides is known, it is 
possible to calculate the migration coefficient according to the Nernst-Planck or the 
Nernst-Einstein equations.  
 
The Nordic standard NT BUILD 355 - Steady state migration test - (NTBuild-335 
1997) was developed in the early 1980's and revised in the mid 1990's. In this test 
the sample is located between two migration cells that are filled with 5% NaCl and 
0.3 N NaOH solutions. The curved surface of the concrete sample is coated and the 
specimen is saturated by immersion in lime water. An external potential of 12 V DC is 
applied and the anode chamber is checked for chlorides using a solution 1 M AgNO3 
until precipitates are observed. When the chloride contents are determined the 
chloride flux is calculated.  
 
Figure 5.9 shows the chloride migration apparatus utilized by Mcgrath and Hooton 
(1996). The volume of the anode and cathode chambers were 0.6 and 1.5 L, and the 
solutions were 0.3 mol/L NaOH and 0.5 mol/L NaCl plus 0.3 mol/L NaOH 
respectively. Stainless steel was used as electrodes and an Ag/AgCl reference 
electrode assembly was used in order to adjust the desired driving potential for the 
test set up. A gap of 50 mm was left between the specimen face and the stainless 
steel electrodes in order to allow the insertion of the reference electrode. During the 
test the diffusion coefficient was found by monitoring the chloride concentration of the 
anode chamber. 
 
Figure 5-9 Chloride migration cell proposed by Mcgrath and Hooton (1996) 
Delagrave, Marchand and Samson (1996) carried out tests for determining the 
steady state chloride ion migration coefficient of several different concrete mixes. 
Each sample was 95 mm in diameter and 1.5 mm thick and was saturated prior to 
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testing. In this test, the compartments of the cells were equipped with an agitating 
device in order to maintain the homogeneity of the solutions, and ruthenium-coated 
titanium electrodes were used. The cathode chamber compartment was filled with a 
0.3 M sodium hydroxide plus a 0.5 M sodium chloride solution. The anode chamber 
compartment was filled with a 0.3M sodium hydroxide solution. A voltage of 10 V was 
applied and the experiments lasted approximately 3 weeks. 
 
Streicher and Alexander (1995) proposed a rapid chloride conduction test which 
involved saturating a concrete sample in a 5 M NaCl solution before measuring its 
conductivity. They state that a concrete sample saturated in a highly conductive 
solution has the same pore water conductivity as the solution. Thus, the conductivity 
differences found in various concrete samples are due to the differences in their pore 
structure.  
 
The apparatus consists of two cells of 0.5 L and each cell contains a 5 M NaCl 
solution. Two copper/copper sulphate half cells were used to measure the potential 
difference across the sample. Samples of 68 mm diameter and thicknesses between 
5 and 40 mm were used. Before saturating each sample, they were dried in an oven 
at 50 °C for 7 days to remove moisture from the concrete pores. Then, the samples 
were vacuum saturated in a 5 M NaCl solution for 5 hours and left to soak for 18 
hours. The set up used is shown in Figure 5.10; the voltage applied was 10 V. 
Finally, the current was measured in order to obtain the conduction of each concrete 
sample, and the transport properties of the sample were calculated using the Nernst-
Einstein equation.  
 
 
Figure 5-10 Conduction test arrangement of Streicher and Alexander (1995) 
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Lu (1997) proposed the Nernst-Einstein equation and used a similar test than 
Streicher and Alexander (1995) in order to validate his model. He supported the use 
of a conductivity test and proposed that the chloride diffusivity in concrete can be 
measured through the conductivity when the Nernst-Einstein equation is used. A low 
voltage applied eliminated the problem of temperature. The data measured during 
the test were related only with the free chloride ions, because the chloride binding 
can be ignored when concrete was saturated with salt. The time consumed in the test 
was very short.  
 
In a research carried out by Otsuki et al. (1999), the diffusion coefficient of chloride 
ion in mortar was investigated through an electromigration test. The concept of 
mobility was adapted to the Nernst-Einstein equation. The test used is basically the 
same as proposed by the ASTM C1202 standard with some minor differences. A 30 
mm thick concrete disk was adhered to a rubber attachment using epoxy resin, as 
shown in figure 5.11. A saturated Ca(OH)2 solution was added to the anode and a 
5% NaCl solution was added to the cathode. Finally, an electrical potential difference 
was applied to the solutions using titanium electrodes until a specific electric current 
density was reached. 
 
Figure 5-11 disk-type specimen of Otsuki et al. (1999) 
In a work published in 1999, Prince, Perami and Espagne (1999) presented a novel 
device that allows continuous determination of the main physical parameters in a 
concrete migration test. Figure 5.12 shows a diagram of the set-up developed. The 
diffusion cell is a cylindrical PVC tank covered with a lid. The concrete sample is a 
cylinder of 100 mm diameter and 100 mm height in which a secondary drilling 
produced a central cavity of 40 mm diameter.  
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The “concrete tube” is fixed firmly in the cell and separates two compartments filled 
with different solutions. The external compartment contains about 1.2 L of 0.1N NaCl 
and is stirred periodically. A stainless steel electrode is used in this chamber and is 
connected to the negative of the power supply. The internal compartment contains 
about 0.2 L of 0.1N NaOH continuously stirred. A carbon electrode is used in this 
chamber and is connected to the positive of the power supply. Finally, the amount of 
chloride that diffuses through the concrete, the conductivity, and the pH are 
monitored. In this test the voltage applied across the two electrodes is limited to 30 V 
and it runs for several days. 
 
Figure 5-12 Chloride migration device developed by Prince, Perami and Espagne (1999) 
Truc, Ollivier and Carcasses (2000) presented a method called LMDC (Laboratoire 
Metériaux et Durabilité des Constructions) that permits the determination of the 
effective diffusion coefficient by measuring the drop in chloride concentration in the 
upstream cell (cathode) and using the Nernst-Planck equation. The set up for the test 
developed by Truc, Ollivier and Carcasses (2000) is shown in figure 5.13. The 
upstream chamber was filled with 0.5 L of chloride salts (NaOH, KOH, and NaCl) and 
the downstream chamber was filled with 2.5 L of a hydroxide solution (NaOH+KOH). 
The samples used were cylinders of 110 mm diameter and 30 mm thickness and 
were vacuum saturated with an alkaline solution before the test. The solutions were 
replaced frequently during the test and 12 V were applied between the sides of the 
sample. Stainless steel electrodes were used. 
 




Figure 5-13 Arrangement of the LMDC chloride test developed by Truc (2000) 
Yang, Cho and Huang (2002) carried out some tests with a modified device of the 
ASTM C1202 method. The relationships between the current, the chloride 
concentration and temperature were measured for several concrete mixes. In this 
test proposed by Yang et al. the difference from that of the ASTM standard was that 
the solution volume in each reservoir was 4750 ml instead of 250 ml. They suggest 
that by increasing the volume of the cells, the Joule effect can be eliminated. With the 
same accelerated chloride migration test (ACMT), but in another paper, Yang and 
Cho (2003) presented some results about the relationship between charge passed 
and chloride-ion concentration, and the relationship between stable current and the 
chloride migration coefficient. 
 
In other research, Yang (2003) used an accelerated chloride migration test (ACMT) 
with two compartments of 4.5 L in each cell. Discs 30 mm thick and of 100 mm 
diameter were prepared, including vacuum saturation and setting up under the ASTM 
C 1202 standard. One of the cells was filled with 0.30 N NaOH solution and the other 
cell with 3.0% NaCI solution. The system was connected to a 24 V power supply. 
The electrical current in the sample and the quantity of chloride ions in the anode and 
cathode cells were monitored frequently throughout the 25 days that each test lasted. 
 
A standard was developed in 2003 by the Japan Society of Civil Engineers in order to 
obtain the effective diffusion coefficient of chloride ions in concrete from migration 
tests. The JSCE-G571 (2003) standard specifies a test method in a steady state 
condition. In this experiment, a concrete sample of 50 mm is placed between two 
acrylic cells and a constant voltage is applied. The solutions used to fill the cells are 
0.5 mol/L of NaCl in the cathode and 0.3 mol/L of NaOH in the anode. The volume of 
each cell is not strictly specified.  
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The conditioning of the concrete samples consists of coating the circumference of 
each specimen with epoxy resin and storing the specimens under standard 
conditions for at least 4 days. After this time, the samples are vacuumed in a 
desiccator for 3 hours with an inside pressure less than 150 Pa. With the vacuum 
pump still running, the desiccator is filled with distilled water, and the sample should 
be left for at least a day in the desiccator. 
 
With the sample mounted into the cells, a potential of 15 V is applied. During the test, 
the solution of the cells can be renewed appropriately in order to hold the chloride 
concentration below 0.05 mol/L in the anode and no lower than 0.45 mol/L in the 
cathode. The test runs until the rate of chloride ion in the anode becomes constant. 
 
The flux of chloride ions in the steady state is calculated from the rate of increase of 
ion concentration in the anode cell, and the effective diffusion coefficient of chloride is 
calculated from the Nernst-Planck equation. In addition to the last coefficient, the 
standard provides a method of calculating the apparent diffusion coefficient from the 
effective diffusion coefficient.  
 
eapp DkkD 21=  (5.31) 
  
where Dapp is the apparent diffusion coefficient [cm
2/year], Deff the effective diffusion 
coefficient [cm2/year], k1 the coefficient of equilibrium concentration of chloride ion on 
the cathode cell and that at the concrete surface, and k2 the coefficient reflecting the 
effect of immobilization of chloride ions in the hydrated cement system. 
5.5.3 In situ migration tests 
The first in-situ version of the rapid chloride permeability test was proposed by 
Whiting (1984). In this test the surface of the concrete is vacuum saturated with an 
alkaline solution and is allowed to cure overnight; a solution of 1.5 litre of 3% (0.5 M) 
sodium chloride is poured into a container attached to the concrete surface and a 
voltage of 80 V is applied between a copper mesh electrode in the container and the 
reinforcement. The current is measured for a period of 6 hours. The interpretation of 
the data is the same as that used in the RCPT test (Basheer 2001). 
 
A recent in situ chloride migration test was developed by Basheer et al. (2005) in 
order to assess the chloride transport resistance of concrete without extracting cores 
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from the structure. The test is known as PERMIT ion migration test. The device 
consists of two concentrical cylinders placed on the concrete surface forming two 
compartments (cells). The inner cell contains a chloride solution and the outer cell, 
contains a neutral distilled water solution. The inner cell contains a stainless steel 
electrode (cathode) and the outer cell contains a steel electrode (anode). An electric 
potential difference applied between the electrodes produces migration of chloride 
ions from the inner cell to the outer cell through the concrete. The chloride ion 
concentration in the outer cell is monitored regularly with a chloride ion selective 
electrode used in conjunction with a reference electrode. A representation of the 
PERMIT device is showed in figure 5.14 (Basheer et al. 2005). 
 
 
Figure 5-14 PERMIT ion migration test proposed by Basheer et al. ( 2005) 
5.6 CHLORIDE MODELLING 
Most of the concrete diffusion models found in the literature or available commercially 
are based around the analytical solution of the Fick’s Second Law (equation 5.11). 
The main differences are the assumptions on the apparent chloride diffusion 
coefficient and the surface chloride content. Examples of models based on Fick’s 
Laws of diffusion are ClinConc developed initially by Tang and Nilsson in 1994 
(Luping 2008) and Life-365 developed by Bentz and Thomas, which can be 
downloaded from the address http://www.silicafume.org/ specifiers-lifecycle.html. 
 
Different approaches have been proposed in order to simulate the penetration of 
chloride into the concrete accounting all the species related or an external electrical 
driving force. Truc, Ollivier and Nilsson (2000) proposed a numerical model based on 
a finite difference method for the flux of several species with the Poisson - Nernst - 
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Planck equations. Sugiyama, Ritthichauy and Tsuji (2003) presented a method for 
numerically calculating the concentration profiles of chloride ions (Cl-) in concrete; the 
method is based on the generalized form of Fick's First Law suggested by Onsager. 
Narsilio et al. (2007) simulated electromigration tests solving the Nernst–Planck 
equation coupled with the electroneutrality condition using the finite element method. 
Khitab, Lorente and Ollivier (2005) developed a numerical model to predict the 
chloride penetration solving the Nernst–Planck equation coupled with the current 
laws. A numerical model was developed by Claisse and Beresford (1997) using the 
Nernst – Planck equation and maintaining charge neutrality by modelling changes to 
the voltage distribution. Lorente et al. (2007) showed a model based on a second-
order finite difference procedure that solves the law of mass conservation equation 
for each species and an electrical field equation for the overall system. Samson, 
Marchand and Snyder (2003) presented a model to solve the transport of ions in 
saturated materials during a migration test using a finite element method. More 
recently, Krabbenhoft and Krabbenhoft (2008) solved the Poisson - Nernst - Planck 
equations analytically and derived an expression for the diffusion; they propose a 
non-linear finite element procedure. 
 
All the last references use the Nernst – Planck equation to find the flux of ions and 
the transport properties of chlorides in concrete. Some of them use it coupled with a 
conservation equation. In the same way, the distribution and evolution of the 
electrical field is considered by some researches in order to keep the electroneutrality 
of all the species considered.   
 
The limitations of the assumption that the electrical field remains constant under a 
migration test have been pointed out by many researchers (Narsilio et al. 2007) and 
standards (JSCE-G571 2003, NTBuild-492 1999); however, the electrical field can be 
accounted for in a macroscopic way from equation 5.23 (Khitab, Lorente and Ollivier 
2005, Lorente et al. 2007). A more complex expression can be found for the electrical 
field, if the Nernst – Planck equation is used with a chemical activity coefficient (γ) 
(Truc 2000); however, it has been showed that the activity term does not increase the 
accuracy of the results in a simulation of a migration test (Samson, Marchand and 
Snyder 2003, Tang 1999). 
 
In a migration test the species that are present both in the boundary and in the pore 
solution of the sample (Na+, K+, Ca+, OH-, and Cl-) flow as indicated by the Nernst- 
Planck equation, where an increase of concentrations at specific points in the sample 
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can lead to a variation in the electric field. In the same way, a variation in the electric 
field can lead to a variation in the flux of each ion. The concentration and chemical 
composition of the pore structure of concrete at the start of the test is a very 
important factor that needs to be taken into consideration in order to comprehend the 
different phenomenon associated with the test. Truc, Ollivier and Nilsson (2000) 
found considerable differences in the migration of chlorides when the composition of 
the pore solution is included in the model. 
 
From a microscopic point of view, normal diffusion of chlorides can be reduced 
because of the effect of ionic interaction with other ions present into the pore solution 
and the effect of the known electrical double layer (Zhang and Gjorv 1996). For a 
diluted solution, the ion - ion interaction produces a change in the chemical potential. 
This has been adequately explained with the Debye Huckel theory (Bockris and 
Reddy 1998) that can be used as a qualitative tool in order to understand the 
phenomenon. The effect of the electrical double layer during diffusion is the 
generation of an additional electrical voltage at the interface between the pore wall 
and the pore solution (Friedmann et al. 2004). Castellote et al. (2001) found that 
during a migration test the effect of the electrical double layer does not seem to 
change the electrostatic interactions between the surface of the pores and the ions 
under migration.  
 
From a macroscopic and engineering point of view, in normal diffusion the effects of 
the ionic interaction and the electrical double layer affect the mobility of chlorides, 
generating a membrane electrical potential opposed to the chemical potential. As 
was pointed out by Lorente et al. (2007) the Nernst-Planck equation must be used in 
natural diffusion instead of Fick’s laws in order not to neglect the effect of the 
membrane potential.  
5.7 COVENTRY UNIVERSITY MODEL 
The numerical model used in this research was developed in the Construction 
Materials Applied Research Group of Coventry University (Claisse and Beresford 
1997, Claisse, Elsayad and Ganjian 2009). This simulates a sample of concrete 
under conditions similar to the Rapid Chloride Permeability Test. The numerical code 
works by repeated application of the Nernst – Planck equation through time and 
space, but the flux resulting from the diffusion and migration conditions is balanced 
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and affected by an additional electrical field (membrane potential) if the charge 
neutrality condition is not satisfied. 
 
The model was proposed for four ions in the pore solution, but can be easily changed 
to any number of ions. The concentration of each ion was defined in two ways: Cl 
represents the concentration of free ions per unit volume of liquid in the pores [free 
ions/Vpores] and Cs is the total concentration (free + adsorbed ions) per unit volume of 







=α  (5.32) 
 
In the same way, the intrinsic coefficient (Dint) defines the transport of matter when 
the flux is calculated per unit cross-sectional area of the pores and the concentration 
in the free liquid. In contrast, the apparent diffusion coefficient (Dapp) defines the 
transport of any ion when the flux is calculated per unit area of the porous material 
and the average concentration in the material. The reason why both coefficients are 
used is because the computer model calculates the intrinsic coefficient, but, the 
apparent coefficients are normally used to predict the service life of concrete 
structures. By integrating the definitions given above it is possible to prove that the 
ratio of chloride intrinsic diffusion to apparent diffusion coefficient is equal to the ratio 






  (5.33) 
5.7.1 Inputs and outputs of the model 
Three types of inputs are required to feed the model.  
 
1. The concrete properties such as the porosity (ε), the geometry: area (A) and 
length (L), the binding capacity factor for each ion simulated according to 
equation 5.32 (with no adsorption the capacity factor is equal to the porosity), 
the initial concentration of the pore solution at the start of the test, the 
concrete heat loss factor, and the intrinsic diffusion coefficients of the species 
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involved: normally sodium, potassium and hydroxides found in the concrete 
pore solution and chloride penetrating from the exterior. 
2. The conditions in which the test is conducted, such as the duration, the 
external electrical field, the chemical concentrations and volume of the 
external solutions in contact with the sample, and the room temperature. 
3. The numerical increments required to run the model such as the space (∆X) 
and time (∆T) steps. 
 
The outputs of the model are the following. 
 
 
1. The transient evolution of the total current carried for the sample, and the 
relative currents carried for each ion in any time. 
2. The non-linear membrane potential for any time and position 
3. The evolution of the concentration for each ion for any time and position 
4. The evolution of the temperature according to 5.7.4 
5.7.2 Diffusion and migration Fluxes 
To calculate the ionic flux the model split the sample in time and space grids. A total 
of n+1 space steps of equal length, and initial and final cells which are half of the 











Figure 5-15 Time and space distribution of the computer model used  
The flux due to diffusion J1(x,t) and the concentration Cl(x,t) of each ion for each 
node of the network are calculated through the Nernst-Planck equation. Table 5.4 
shows the numerical expressions used to calculate (J1). The subscript i indicates the 
node where it is applied the flux equation, the subscript k refers to the ion being 
calculated, and the subscript t indicates the time step. In the same way, for each ion, 
the amount of matter transported (CH1) is obtained with the equation of continuity 
(5.34). Notice that the borders of the sample are treated as special cases. 
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At the beginning of the test the driving forces that generate diffusion are the initial 
concentrations of the ions contained in the external cells; a time step later the ions, 
which are distributed uniformly, start to diffuse into the pore solution. 
  














































































































Table 5-4 Diffusion numerical formulation of the Coventry model 
The driving force to generate migration is the external electrical field applied. At the 
beginning of the test this is distributed linearly in all cells in accordance with table 5.5. 
After one time step it starts to be adjusted and the electrical field ceases to be linear 











VV appliedi             01 =−iV  
 
Table 5-5 Initial voltage distribution in each cell of the model 
Table 5.6 shows the numerical formulation for calculating the migration flux (J2) and 
the concentration change (CH2). It is important to notice that the direction of this flux 
is dependent on the charge of each ion and the voltage across the cell. The charge 
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(z) carried by any ion times the voltage (V) determines in which direction the ion will 
flow, i.e. Ions charged positive tend to move toward the negative side. 
 
Migration Numerical formulation Node Analysis Physical Eq. 
Flux 






























































































































Table 5-6 Migration numerical formulation of the Coventry model 
5.7.3 Charge balance and voltage correction  
Once the fluxes and the changes of concentration are calculated the model ensures 
that charge neutrality is maintained throughout the sample at all times for all the ions 
together. If there is any charge build-up the model corrects the actual migration flux 
until the charge balance is within a specified range (< 10-12 Coulumbs). 
Macroscopically, the procedure to maintain the charge balance is according to 
Kirchoff’s law: “...the current density into any point will equal the current out of it”. 









ki ii ,1,  (5.35) 
 
In a migration test, the charge build-up generated by the differences of mobility of the 
ions in the pore solution is dissipated by the distortion of the electrical field. Those 
effects of voltage changing are applied in the model by distorting the voltage in each 
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space step removing any build-up of charge. In that way, only a multi-species system 
can be physically possible because if there is only one ion the charge neutrality never 
is reached. 
 
In the model the charge surplus (csurp) is calculated using the numerical expressions 




































Table 5-7 Numerical formulation to determine the charge surplus in the model 
If at any time the charge surplus is bigger than 10-12 Coulombs, the electrical field for 
any cell is varied in a specific proportion and a loop is done to re-calculate the 
migration flux until the charge criteria is satisfied. If the concentration changes by 
more than 10% during any time step, to avoid discontinuities in the results the time 



























Figure 5-16 Loop condition to avoid charge surplus in the model 
Calculate diffusion flux for each 
ion in all space steps 
 
Calculate electro-migration flux  
for each ion in all space steps 
 
Is there total charge surplus in  
any space step? 
 
Correct the voltage 
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Ion generation and removal at the electrodes is represented in the model by 
assuming that the ions being generated and removed are always hydroxyl ions. The 
model includes provision for the depletion on the reservoirs at either side of the 




















































Initial chemical concentrations: Na – K – Cl - OH 
• Reservoirs 
• pore solution 
Geometry: 
• Reservoirs: volume 
• Concrete sample: length (l) -  area (A) 
Porosity (γ) – density (ρ) – capacity factor (α) 
Intrinsic diffusion coefficients: Na – K – Cl – OH 
External voltage applied: AV 
Duration of the test: T 
Space step: x 
Time step:  T 
Calculate diffusion flux for each ion in all space steps 
 
Calculate concentration’s changes due to diffusion for each ion in all space 
steps and the actual time step  
 
Calculate 
Electromigration for each ion in all space steps 
 
Calculate concentration’s changes due to electromigration for each ion in 
all space steps and actual t ime step 
Set linear voltage drop for all space steps 
Total concentration’s changes in 
any space step is more than 10% 
of the previous concentration 
Yes 
Reduce T 
by 10 % 
 





voltage in all 
space steps to 
prevent charge 
built up 
The total charge surplus is  
more than 10-10 coulomb in any  
space step 
Yes 
Change concentration as a result of the transport for all ions 
Generate hydroxyl ions in the reservoirs to maintain neutrality 
Make sure that hydroxyl concentration is not negative 
 
ΣT < T 
Calculate the accumulated time ΣT 
Yes 




Distribute adsorbed / solution ions by distribut ion ratio 
 
 
Figure 5-17 Coventry electro-diffusion computer model  
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5.7.4 Temperature Calculation 
Conductivity of the free pore fluid increases with an increase in the temperature, and 
a high applied electrical potential can heat up the concrete affecting the transport 
properties of the sample (Mccarter, Starrs and Chrisp 2000). In a migration test, the 
flow of current will cause ohmic heating of the sample, a situation that is regularly 
observed during experiments. A detailed study of the effect of temperature on a 
migration tests has been carried out by Julio-Betancourt and Hooton (2004).  
 
The rate at which a sample in a migration test loses heat is approximately 
proportional to the temperature difference between the sample and the room 
temperature. The Coventry model includes this proportionality using an experimental 
heat loss factor [J/K]. The thermal capacitance or heat capacity for the system 
sample-reservoirs is given in equation 5.36. 
 
wwresconcon cpVcpLACth ⋅⋅+⋅⋅⋅= ρρ )(  (5.36) 
 
Cth is the heat capacity [J/K]; A and L are the area and length of the sample; Vres are 
the volume of reservoirs; ρcon and ρw are the densities of concrete and water; and 
cpcon and cpw are the specific heat capacities (measured in J/(kg·K) at constant 
pressure). For any time step the increase of temperature is due to the temperature 












  (5.37) 
 
∆Tt is the temperature increment for the time step t [K]; Cht is the total charge carried 
in that time step [C]; AV is the external applied voltage [V]; Tt is the actual 
temperature [K]; RTP is the room temperature [K]; and FHL is the heat loss factor 
[J/K] 
5.8 CONCLUSIONS  
20. In this chapter, the principal equations applicable to chloride penetration in 
concrete were discussed. Fick’s laws and the Nernst-Planck and Nernst-
Einstein equations were presented; however, more emphasis was dedicated 
to the Nernst-Planck equation which is the theoretical basis of the model 
selected as a tool during this research. It was concluded from the literature 
Juan Lizarazo Marriaga – Transport properties and multi-species modelling of slag based concretes                              
 
 127
survey carried out that Nernst-Planck equation coupled with the Kirchoff’s 
Law establishes the physical conditions as ions move through porous media.  
 
21. Since ions are charge particles, Fick’s Laws do not provide a complete 
description of diffusion (migration). If the Nernst-Planck equation takes 
account of the interaction of chlorides with other species, it is necessary to 
establish a multi-species system to simulate the phenomenon. 
 
22.  As chlorides are accompanied by other ions, the more important aspects of 
the pore solution were summarised. The principal species present in the pore 
solution are OH-, Na+, and K+, and the concentration of each one depends on 
many factors, such as the cement type and concentration, the presence of 
mineral and chemical admixtures, the age, curing conditions, and the water to 
binder ratio. 
 
23. An important aspect of ionic transport is the interaction between ions and the 
solid phase. Some of the free ions are caught and adsorb on the cement 
matrix in complex and not well understood physical and chemical reactions. 
For chlorides the most frequent relationships between free and bound ions 
are presented in this chapter as isotherms.  
 
24. From the review carried out, it is concluded that there is a lack of research on 
the topic of adsorption of metal alkalis and hydroxides. 
 
25. According to equation 5.20 the voltage drop in a migration test is not linear. 
This non-linearity is due to the membrane potential resulting from the 
differences in mobility of the species involved in the test. This can be 
modelled with equation 5.23 or numerically with the Coventry electro-diffusion 
model. 
 
26.  The Coventry model was written to simulate a RCPT migration test and gives 
the ionic concentration, the total and partial currents, the membrane potential 
and the transient temperature during a simulated migration experiment.   
 
 




6 DEFINITION OF VOLTAGE AND CURRENT CONTROL APPROACHES AND 
EXPERIMENTAL METHODS  
In this chapter two ideal physical states that define the possible conditions under 
which chlorides will move through concrete are presented. Those conditions were 
developed in this thesis with the aim of contributing to a better understanding of the 
chloride penetration in concrete. Additionally, this chapter reports on the 
experimental methods used in this research to investigate the phenomenon of 
penetration of chlorides in cement- based materials. 
 
6.1 INTRODUCTION 
Named as voltage control and current control, these conditions make reference to the 
way as the electro-diffusion experiments are setup and are defined by the external 
electrical conditions of the concrete subjected to an environment containing 
chlorides. The electrochemical tests developed to obtain the voltage and current 
control conditions, and a new experiment to measure the voltage drop during any 
migration test are presented in this section. Additionally, the procedures for the 
characterization of the basic properties (compressive strength and open porosity), 
the procedures to measure the resistivity, and the methodology to measure the 
chloride concentration and penetration are summarized.  
6.2 VOLTAGE AND CURRENT CONTROL APPROACHES 
The first condition called “voltage control” is defined by a concrete sample placed 
between two electrodes that apply a constant potential difference between them. 
Under this condition a migration test like the ASTM C1202 or NT-492 can be 
simulated. The flow of any species present in the pore solution or in any external 
cells is defined according to the Nernst-Planck equation and simulated numerically 
according to the Coventry electro-diffusion model presented in section 5.7.  
 
The second condition is called “current control”; it makes reference to a condition 
similar to voltage control, but the sample between two electrodes is subject to 
constant electrical current. For this condition, when the current is zero, the 
phenomenon of normal diffusion with no applied potential can be simulated. It is of 
note that when chloride ions are permitted to diffuse through concrete the system 
acts like a dry-cell battery and a voltage is developed.  Some previous authors have 
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modelled chloride diffusion by simply integrating Fick’s Law and using a diffusion 
coefficient for chloride ions. The true situation in normal diffusion is, however, far 
more complex because the voltage that is developed will inhibit further transport 
unless it is dissipated by further ionic transport. This further transport may be 
negative ions (such as OH-) moving in the opposite direction to the Cl- or positive 
ions (such as Na+) moving with them and may be the determining factor for the rate 
of transport of the Cl-.  This cannot be modelled with a voltage control algorithm set 
to zero applied voltage because this implies that the two ends of the sample are 
short-circuited. Figure 6.1 shows this condition for a typical sample in an ASTM 
C1202 test and it may be seen that current flows (Lizarazo-Marriaga and Claisse 
2009). Thus a new algorithm is presented in section 9 in which the system is 
controlled by a constant current.  
 
If the new algorithm is used with a non-zero current the phenomena of either 
cathodic protection or electrochemical chloride removal can be modelled. For this 
condition the physical equations used are the same used previously; however, in this 
approach, in addition to keeping the charge neutrality throughout the sample at all 
times for all the ions together, it is necessary to keep the current density constant 
during whole duration of the test. That new condition makes the procedure to 
calculate the membrane potential slightly different from the one presented previously. 
This is discussed in section 9.5.1. Figure 6.1 shows a schematic representation of 









Concrete conductivity    (x,t)ρ
Concrete
Anode Cathode
current ( i )
Membrane potential Ep(x,t)
Constant external 
Concrete conductivity    (x,t)ρ
Control Voltage Condition Control Current Condition
voltage (  ) = 0         Migration testϕ
Current ( i ) = 0         Self diffusion test
Current ( i ) = 0         Electrochemical Cl removal
Current ( i ) = 0         Cathodic protection
 i
 
Figure 6-1 Electrical voltage and current conditions proposed  
                        or      
cathodic protection 
Juan Lizarazo Marriaga – Transport properties and multi-species modelling of slag based concretes                              
 
 130
6.3 CHLORIDE MIGRTION TESTS 
6.3.1 Equipment setup 
The test setup used for measuring the profile of electrical properties (voltage or 
current) during a migration test was implemented as part of this research project, and 
was assembled at Coventry University. All the measurements were logged by a data 
acquisition device. The main part of the setup was a data logger with an analogue 
input resolution of 12-bits (0-2.4 V SE or +/- 2.4 V Diff) and 16 analogue inputs 
available. This device was accompanied by data logging software used to collect the 
information from the tests. A programmable DC power supply was used, capable of 
holding either constant voltage or constant current between 0–70 V over the entire 




Figure 6-2 Migration tests experimental setup used 
The chamber cells or external reservoirs were made of Polymethyl methacrylate 
(PMMA). The design used is shown in figures 6.3a and 6.3b. The volume of each 
chamber assembled with the concrete sample ready for the tests was about 200ml. 
Each cell had two vertical holes, a small one to make the electrical connections to the 
electrode and a large one to facilitate release the gases generated during the test 
and to take measurements of the temperature into the solutions.  The apparatus met 
the requirements of ASTM C1202. 
 




























Figure 6.3b Cell isolated and cell assembled with a concrete sample 
The logging of the data from the tests was carried out with the software for data 
acquisition that was supplied with the data logger. Figure 6.4 shows a screen of the 
software used to collect the data. The figure on the upper-left shows the transient 
current across a sample, on the lower-left it shows the transient temperature on the 
anode solution, and on the right it shows the variation of the voltage into the sample. 
 




Figure 6-4 Software used to collect the data   
6.3.2 Voltage control migration tests  
During the voltage control migration tests a steady external voltage was applied and 
the transient current across the sample was measured taking the difference of 
potential through a small resistor wired in series with the sample. Due to Kirchoff’s 
law, the current through the concrete sample and the resistor should be the same; 
consequently, the data logger measures the voltage directly through the shunt, which 
is converted to current using Ohm’s Law. In order to get a reliable measure of current 
a 0.1 Ω resistor was used, with low tolerance (±0.1 %) and care was taken to 



























Figure 6-5 Electric diagram used during the voltage control tests 
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6.3.3 Membrane potential tests 
The nonlinear behaviour of the electrical field during migration tests has been 
recently reported by some researchers: Lorente et al. (2007), Truc, Olliviera and 
Nilsson (2000), Narsilio, Li, Pivonka et al. (2007), Khitab, Lorente and Ollivier (2005), 
and Krabbenhoft and Krabbenhoft (2008); however, no complete experimental 
evidence has been published yet. With the aim of understanding the voltage dropping 
in a migration test and in order to investigate the influence of the non-linear 
membrane potential in the diffusion of ionic species, a new electrochemical 
experiment has been developed. 
 
The arrangement developed in this research to experimentally measure the 
membrane potential in a migration test was based on the migration system presented 
in section 6.3.2; however, salt bridges were added in the concrete to check the 











Capillary pipe / salt bridge
Reference electrode SCE
Potential difference
cathode and sample mid point
 
Figure 6-6 Drawing of the salt bridge used to measure the membrane potential 
4-mm diameter holes were drilled in each sample 5–8mm deep. The salt bridge pipes 
were 4.5 mm diameter and were inserted into each hole. The salt bridges used a 
solution of 0.1M of potassium chloride (KCl) because both ions in it have similar 
mobility so no significant voltage would be set up at the interface of the salt solution 
and the concrete pore solution. In research by Zhang and Buenfeld (1997) and 
Zhang, Li and Buenfeld (2002) the membrane potential across OPC mortar 
specimens was measured. For this, reference electrodes and salt bridges in the 
external cells were used. They found that for different simulated pore solutions the 
total junction potentials formed between the measurement devices and the simulated 
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pore solution were in the range −0.8 to −6 mV. Those values were relatively low 
compared with the membrane potential measured during the migration tests, so, the 
liquid junction potential formed between the salt bridge and the pore solution 
concrete sample was not taken account in this test.  
 
The voltage was measured relative to the cathode using a saturated calomel 
electrode (SCE) connected to the salt bridge. Due to the high voltage values found it 
was necessary to use a voltage divider in order to keep the readings within the range 
of operation of the data logger (0 – 2.44 V). Initially, a voltage divider was designed 
to create an output signal proportional to any input according to equation 6.1 (Witte 
2002). This equation shows the relationship between R1 and R2 (resistors shown in 




















Figure 6-7 Initial voltage divider used to follow the membrane potential 
Due to the load of the signal very high input impedance was required in order to 
ensure that the measuring process did not change the voltage readings. The internal 
resistance of the data logger had to be significantly greater than the resistance of the 
concrete during the test, because, when measuring voltages, the resistance of the 
equipment itself has an effect on the voltage of the circuit. To achieve the required 
analog input performance of the data logger, the initial voltage divider was followed 
by an operational amplifier configured as a voltage follower. Figure 6.8 shows the 
final configuration of the divider used. 






Figure 6-8 Final operational amplifier circuit used to follow the membrane potential 
For each test, the current across the concrete and the voltage at different points in 
the sample was measured continuously. The tests were carried out in a temperature-
controlled room at 21±2 C, and temperature was measured continuously in the 




Figure 6-9 Cell assembled using three salt bridges 
6.3.4 Current control migration tests  
In the tests done under this condition, the current was set to a specific value different 
from zero and kept constant throughout the test. As a result, the voltage between the 
electrodes changed continuously. Taking into account that the values of voltage were 
higher than the range of operation of the data logger (0 – 2.44 V), it was necessary to 
use the voltage divider shown in figure 6.8. A diagram of the electrical configuration 
for this experiment is shown in figure 6.10. 















Figure 6-10 Experimental current control (non-zero) electrical diagram used  
6.3.5 Behaviour of the electrodes  
In order to distribute the current uniformly over the sample, copper meshes were 
used as electrodes. The diameter of the meshes was the same size as diameter of 
the the concrete specimens and they were welded to a brass ring as specified in 
ASTM C1202. In addition to the ionic reactions that occur across the concrete 
sample, during a migration test there are some electrochemical processes in the 
reservoir cells that it is important to point out. Evolution of gases and metal 
dissolution are the main processes and they were summarised by Andrade (1993). 
 
The evolution of gases is due to the electrolysis of water. This reaction is in both 
anodic and cathodic cells, and generates O2 an H2. A small amount of bubbling was 
observed in the cells during some tests and the amount of gas liberated depended on 
the charge passed through the sample.  The principal reactions in a migration test 
with the same solutions used in the ASTM C1202 are presented below. 
 
Anode: 2H2O  2O2 + 4H
+ + 4e-   (6.2) 
Cathode: 2H2O + 4e
-  H2 + 2OH
-  (6.3) 
 
It has been reported by Prince, Perami and Espagne (1999) that the pH decreases in 
the anodic cell because some of the hydroxide ions migrate toward the anode, where 
they are oxidise, figure 6.11. In contrast, in the cathodic cell the pH increases as can 
be seen in figure 6.12. 
Anode: 2OH-  ½O2 + H2O + 2e
-  (6.4) 
 




Figure 6-12 pH evolution in the cathode a standard RCPT migration test (Prince, Perami 
and Espagne 1999) 
 
When the test conditions are extremely hard there can be in addition to electrolysis, 
oxidation of the chloride ions in the anode cells to produce chlorine (Cl2) evolution. 
Under a high pH solution chlorine reacts rapidly with hydroxides to form hypochlorite 
and chloride as is shown in equations 6.5 and 6.6. 
 
Anode: 2Cl-  Cl2 + 2e
- (6.5) 
Anode: Cl2 + OH
-
 Cl- + ClO- + H2O  (6.6) 
 
It is stated by Prince, Perami and Espagne (1999) that the hypochloride ions are 
unstable for two reasons: (a) the hypochloride ions can be broken by light and 
temperature, releasing oxygen and chloride, and (b) in acidic conditions during the 
electrolysis hypochloride reacts with chloride and gives chlorine. In the same way, It 
is advised by Prince, Perami and Espagne (1999) that care should be taken when 
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the amount of chlorides in the anodic cell is measured because the amount of Cl- 
measured by potentiometric titration can be different from the amount of chlorides 
emerged from the concrete sample during the test.  
 
Cathode: 2O2 + H2O + 4e
-  4OH-  (6.7) 
 
The evolution of the conductivity of the solutions of the cells during a ASTM C1202 
test is shown in figure 6.13. In the cathodic solution the conductivity increases during 
the test due to the release of hydroxide ions by electrolysis and due to the arrival of 
other ions from the concrete sample. On the anode, it decreases because of the 
important consumption of hydroxide ions. 
 
 
Figure 6-13 Evolution of the conductivity during a standard ASTM C1202 migration 
test, up: cathode / down: anode (Prince, Perami and Espagne 1999) 
Corrosion of the copper metallic electrodes is another important reaction present in a 
migration test; it happens especially in the anode and depends on the amount of 
charge carried during the experiment. Figure 6.14 shows some copper electrodes. In 
the middle a new copper mesh is shown and on the left and right the final condition of 
the electrodes after an extremely strong test is shown. The cathodic electrode (left) 
turned black, showing little evidence of deterioration. In contrast, the anode electrode 
presents a significant deterioration with a green colour, typical of the copper 
corrosion. 




Figure 6-14 Cupper electrodes used in migration tests; Left: cathode - centre: new 
mesh - right: anode 
As the electrical potential gradient across the sample was applied from the power 
supply by copper electrodes into the cell solutions, there was a potential drop 
between the electrodes and the surface of the concrete. This was reported by 
Mcgrath and Hooton (1996), who carried out some experiments to investigate this 
potential drop. In order to determine the relationship between the difference of 
voltage applied in the copper electrodes and the difference of voltage across the 
concrete sample for the setup used in this research, an experiment was carried out 
using two reference electrodes put into the same electrolyte solution of the cells, one 
in the cathodic cell and the other one in the anodic cell. The reading of voltage for the 
electrodes (Vap) was taken and plotted in figure 6.15 against the voltage delivered by 
the power supply (Vps). Using linear regression this relationship was found. For this, 









0 10 20 30 40 50 60
























Figure 6-15 Relationship between the voltage applied by the power supply vs. the 
voltage measured in the cells during a migration test 
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4106.0*9885.0 −= psap VV    (6.8) 
6.3.6 Sample preparation  
As numerous migration tests were carried out at different stages during the research, 
the specific conditions of concrete curing for each group of tests will be discussed 
later for each particular case. However, in all cases, the cylinders cast (100 mm 
diameter and 200 mm high) were reduced to a specific thickness with a special 
cutting machine for concrete samples with a tolerance of ±1.5 mm (figure 6.16). The 
specimens were taken from the middle part of the cylinder. 
 
 
Figure 6-16 Machine used to cut concrete discs to be used in migration tests or 
porosity 
Before any migration test, the samples were fully saturated with distilled water and 
the curved surface edges of all specimens were coated with a silicone impermeable 
coating. The procedure followed to guarantee the first condition was taken from the 
standard ASTM C1202 and it is summarized below. Figure 6.17 shows the 
equipment used to saturate the samples. 
 
• Prior to saturation the distilled water was vigorously boiled to remove the air. 
• The specimen already surface coated was placed in a vacuum desiccator and 
the air vacuumed for 2 h. 
• With the vacuum pump still running, sufficient distilled water was drained into 
the desiccator to cover the specimen.   
• The vacuum pump was allowed to run for one additional hour. 
• After the vacuum saturation the specimen was soaked under water for 18 
hours. 




Figure 6-17 Vacuum pump and desiccator used to saturate concrete specimens 
6.4 COMPRESSIVE STRENGTH 
The compressive strength for paste or mortar samples was obtained with the 
procedure summarized in section 3.2.2.3. For concrete the recommendations of the 
European Standard EN 12390-3:2001: “Testing hardened concrete, Part 3: 
Compressive strength of test specimens” were followed. All the concrete specimens 
were cubic and had 100 mm size. Concrete tests were done in an Avery Denison 
machine coupled with a servo-controller and data acquisition unit powered 
hydraulically. The loading rate for the tests was set to 5 KN/S. The compressive 








Where fc is the compressive strength, in Mega-Pascal (Newton per square 
millimetre), F is the maximum load at failure, in Newton, and Ac is the cross-sectional 
area of the specimen on which the compressive force acts. Figure 6.18 shows the 
test machine used. 
 
 
Figure 6-18 Cube crusher used to measure the compressive strength 
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6.5 OPEN POROSITY  
The open porosity accessible by water (P) was measured using the simple method of 
water displacement. The central part of a cylinder (30 mm thickness) was vacuum 
saturated until constant weight and weighed in water (Ww) and air (Wa). It was then 
dried in an oven at 105°C until constant weight and weighed again (Wd). The porosity 









=  (6.10) 
6.6 RESISTIVITY 
There is an agreement in the engineering community about the physical meaning of 
the Rapid Chloride Permeability Test (ASTM C1202). It is accepted that in the way as 
the test has been proposed it cannot give precise and exact information about the 
permeability of chlorides of concrete (Andrade 1993). In contrast, the results of the 
test are strongly correlated with the electrical conductivity of the material. Different 
researchers have proposed measuring the initial conductivity either from the initial 
value of the RCPT (Feldman et al. 1994, Feldman, Prudencio and Chan 1999) or 
from the reading at 1 min (Julio-Betancourt and Hooton 2004). In a research 
developed for the Virginia Transportation Research Council (Lane 2005), the 
correlation was established between the electrical conductivity and the RCPT results 
for a large amount of data (>800 samples). Figure 6.19 shows the relationship 
between the charge at 6 hours and the conductivity measured at 10 min. In the 
figure, the 95% confidence limits and the limits of ranking charge according to the 
standard are shown. 
 
Figure 6-19 Relationship charge passed (RCPT) and electrical conductivity (Lane 2005) 
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Although there are no doubts about the good correlation between the charge 
measured in the RCPT and its initial conductivity, there is a lack of understanding of 
the physical and chemical phenomena in a migration test or rapid conductivity test. It 
is known that the electrical properties of concrete are transient in space and time 
during the test due to the mobility of the different ions, and it is accepted that 
although chlorides are the main concern, they cannot be investigated isolated of all 
the ions involved. The conductivity σ of a water solution containing different ions can 
be expressed as 
 
 −+= 1000/)( 0, iiiwater CAC λσσ  (6.11) (Shi, Stegemann and Caldwell 1998) 
 
σwater is the specific conductivity of water, Ci the equivalent concentration of the ion i, 
λi,o is the equivalent conductivity at infinite dilution, and Ai is a experimental constant. 
Table 6.1 shows the values of λi,o for some ions (Shi, Stegemann and Caldwell 
1998). 
 
Table 6-1 Equivalent conductivity at infinite concentration for various ionic species 
In a research carried out by Tong and Gjorv (2001), they measured the current and 
the conductivity during a migration test. The conductivity was calculated from the 
electrical resistance measured under 1-KHz frequency. For samples of 6 months old 
they found that the conductivity was first reduced until the chlorides reach the anode 
cell. Later on, the conductivity started to increase. In the same way, Feldman et al. 
(1994) found important changes in the resistivity during the experiment for a RCPT 
test.  
 
One of the effects that a transient non-linear electric field produces inside a sample is 
the variation of the conductivity for any time and position.  If it is supposed that 
Ohm’s Law is valid during the test, it is possible to determine the resistivity (ρ), and 
consequently, the conductivity σ of the sample. The electrical conductivity is defined 
as the inverse of the electrical resistivity and is defined using equations 6.12 and 
6.13. 




0.00501 0.00735 0.0198 0.00763 0.00595 0.00798 























  (6.13) 
 
Where σ is conductivity [S-m-1], ρ is the electrical resistivity [Ω-m], R is the electrical 
resistance [Ω], i is the electrical current [A], Eij is the electrical potential difference 
between the point i and j [V], Lij is the distance between the point i and j [m], and A is 
the transversal area of the sample [m2]. 
 
In electrolytic materials such as concrete, the measurement of resistivity with direct 
current (D.C.) causes current flow resulting in ion migration and polarization. In order 
to avoid those effects, alternating current (A.C.) is used. The measurement of the 
resistivity of concrete with AC has been reported extensively in the literature (Whiting 
and Nagi 2003, Wilsont, Whittington and Fordes 1983, Polder 2001, Polder et al. 
2000), usually with a sinusoidal current and a frequency between 50 and 2000 Hz.  
 
During the experimental program developed in this research, in addition to the D.C. 
resistivity (or conductivity) taken from the migration test, the A.C. resistivity was 
measured using an electrical A.C. signal generator (Figure 6.20) and a calibrated 
resistance. The electrodes used were the same cells employed during the migration 
test including the same solutions of the reservoirs. The voltage used was between 6 
and 8 Volts.  
 
Figure 6-20 A.C. Signal generator used to measure resistivity 
In this research the resistivity tests carried out consisted of two probes or electrodes; 
however, there are alternative tests like the four-probe method (Wenner test), which 
is widely used for field measurements. Although there is a direct correlation between 
the two and four-probe techniques, it has been stated by Whiting and Nagi (2003) 
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that there are several factors which influence the resistivity measurement when the 
four-probe technique is used, such as the geometrical constraints, the surface 
contact, or the humidity content. 
 
The influence of the frequency on the concrete’s A.C. resistivity for an ordinary 
Portland sample is shown in the Figure 6.21-left. Initially, with an increase of the 
frequency the resistivity trends to go down, between 55 and 70 KHz the curve 
becomes stable, and for frequencies bigger than 70 KHz the resistivity starts to go up 
again. It is reported in the literature that values of frequency between 50 and 2000 Hz 
do not produce undesirable effects during the measuring, in this research a 
frequency of 500 Hz was selected to make all the resistivity measurements. The 
difference in resistivity between measurements made using 500 Hz and 50 KHz is 
around 11 %. In figure 6.21-right in a semi-log scale, the difference in percentage 
between the resistivity at any frequency (Ri) and the resistivity measured at a 
frequency of 500 Hz (R500) is plotted. Values of resistivity measured with frequencies 
smaller than 5 KHz had a difference lower than 2%. 
 
 
Figure 6-21 Influence of the frequency on the resistivity in OPC based samples 
6.7 CURRENT CONTROL TEST (ZERO CURRENT) 
Electrically this experiment corresponds to an open circuit: there is no electrical 
contact between both electrodes. Figure 6.22 shows a schematic representation of 
the circuit, where the total current through the sample is zero but the membrane 
potential and the concrete conductivity are not zero and are transient in time. This 
zero current condition makes reference to the total current of the system, and it does 
not imply that individual mobile species does not carry some current. The law of 
charge neutrality ensures that the ionic partial currents would be neutralized by 
themselves. 










Figure 6-22 Current control test for the zero-current condition 
Two identical reference electrodes were used as shown in figure 6.22 and an 
amplifier was used before the data-logger to buffer any current from the measuring 
device. The buffer impedance was 109 Ω. Before each test the samples were surface 
covered in the same way as migration tests and were vacuum saturated according to 
section 6.3.6. The volume of the reservoirs cells were the same shown in figure 6.3, 
i.e. about 200 ml, and the thickness of the samples was 10 mm.  
6.8 SELF DIFFUSION CHLORIDE TESTS  
Chloride immersion tests were carried out with the aim of measuring the chloride 
profile in the samples after a normal diffusion process. For all tests, the cylinders cast 
(100 mm diameter and 200 mm high) were split in two halves and the sawn surface 
(100 mm diameter and 100 mm high) was placed in contact with a solution of sodium 
chloride. To prepare the samples, the curved surface of each cylinder was covered 
with a silicone rubber coating in order to avoid moisture exchange and carbonation 
during the test. After the samples were coated, the surface that would be in contact 
with chlorides was placed in contact with a solution of 0.5 g/l of CaOH for one week 
to avoid any initial sorption effects when the chloride solution was introduced. Figure 
6.23 shows the test. The external concentration of chloride was 7% NaCl prepared 
with distilled water and it was renewed periodically in order to conserve the boundary 
conditions (every two or three weeks). During the test, the solution was agitated from 
time to time.  
 
At the end of the immersion period (which will be discussed later for each particular 
case) the concrete specimens were removed and the chloride profile and the 
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penetration were measured with two different techniques. The profile was obtained 
measuring the acid-soluble chloride profiles and the chloride penetration depth was 
measured using the colorimetric method (Meck and Sirivivatnanon 2003) 
 
 
Figure 6-23 Experimental chloride self diffusion test 
6.8.1 Total chloride content  
The total chloride concentration was measured using the RILEM TC-178-TMC (2002) 
recommendation: “Analysis of total chloride content in concrete”. The method uses 
the Volhard method of analysis (extraction and quantification) of total chloride content 
in hardened concrete.  
 
In order to obtain the concentration of total chloride at different depths, the 
specimens were removed from the immersion test and were drilled in increasing 
depth intervals from the exposure surface. The powder was carefully collected and 
analyzed using the chemical method. Figure 6.24 shows the powder collection 
process. The procedures of extraction are shown in figures 6.25A and 6.25B, and the 
silver nitrate titration is shown in figure 6.25C. 
 
 












Figure 6-25 Procedure to obtain the chloride concentration according to the RILEM TC-
178-TMC (2002) 
6.8.2 Chloride penetration 
A simple method to measure the penetration of chlorides in concrete exposed to 
these environments was published by Otsuki, Nagataki and Nakashita (1992) and 
Collepardi, Marcialis and Turriziani (1970) some time ago. The procedure known as 
the colorimetric method consists of spraying a solution of 1 N AgNO3 on a split 
sample. In addition to the silver nitrate solution, there are combinations of other 
chemical compounds reported in the literature. For example, a combination of a 0.1 
N AgNO3 solution with 5% of K2CrO4 is known as the Maultzsch method, and the 
combination of 0.1 N AgNO3 with fluoresceine is known as the Collepardi method 
(Baroghel-Bouny et al. 2007). In this research a solution of silver nitrate only was 
used, which showed the chloride contaminated area of the sample with a grey 
coloration, whereas the uncontaminated area presented a dark coloration. 
Depending of the cementitious components of the mixes evaluated the coloration 
was more evident in some of them, especially in those that did not include basic 
oxygen slag. Figure 6.26 shows a typical chloride penetration depth. 
 
After the silver nitrate solution was sprayed a white silver chloride precipitation on the 
split surface was visible and the average penetration depth was obtained. The 
recommendation of the NTBUILT-492 was followed: “measure with the help of a slide 
calliper and a suitable ruler, from the centre to both edges at intervals of 10 mm to 
obtain seven depths. Measure the depth to an accuracy of 0.1 mm” 
 
A B C 




Figure 6-26 Typical chloride penetration depths after applying 0.1 N silver nitrate in a 
chloride contaminated concrete sample 
The difference of colour in both areas is due to the reaction of the silver ions with the 
free chlorides to form a grey precipitate, and the reaction of silver ions with hydroxide 
ions form a brown precipitate. Because the boundary of those regions is a well 
defined line, the concentration of free chlorides in this boundary (cd) has been 
studied intensively by many researchers. Big differences have been found among the 
values reported in the literature. That variability can be the result of the differences in 
the methods employed by the different researchers to evaluate the chloride 
penetration (xd), the difficulties in measuring the free chloride concentration at the 
boundary, and the influence of other ions such as hydroxides. 
 
Baroghel-Bouny et al. 2007 carried out an extensive experimental program to 
investigate the feasibility of using the colorimetric techniques. In that study many 
mixes including a broad range of mineral and chemical admixtures tested under self 
diffusion had an average cd value of 0.03 ± 0.016% of free chlorides by unit mass of 
dry concrete, and of 0.21 ± 0.11% of free chlorides by unit mass of blended cement. 
The first number corresponds to the mean value and the second value corresponds 
to the standard deviation. In the same way, a range between 0.36 and 0.8% by unit 
mass of cement has been reported by Otsuki, Nagataki and Nakashita (1992). 
Collepardi (1996) found a value of 0.01% by unit mass of cement for the free chloride 
concentration. Andrade et al. (1999a) found values of total chlorides of 0.18 ± 0.2% 
by unit mass of concrete using a migration test. Finally, the standard NTBUILT-492 
assumes that the concentration of free chlorides cd at the colorimetric depth xd 
(where the colour changes) is equal to 0.07 N (70 mol/m3) for ordinary Portland 
cement concrete.  
 
Juan Lizarazo Marriaga – Transport properties and multi-species modelling of slag based concretes                              
 
 150
Experimentally the concentration of chlorides in concrete is measured as a 
percentage of the dry mass of concrete; however, the free chlorides can be 
expressed as mass per unit volume of the pore solution. It is important to notice that 
in order to transform the values of concentration of free chlorides stated above from 
percentage of dry density to mol per cubic meter it is necessary to know the density 
and the porosity of the concrete.  
6.8.2.1 Chloride diffusion assessment with the colorimetric method 
It has been shown by Baroghel-Bouny et al. (2007) that there is a linear relationship 
between the chloride penetration depth (xd) and the square root of time. The standard 
diffusion process can be described with enough accuracy using only one point of the 
colorimetric penetration at any desired time. Using an important range of different 
concretes submitted to the same immersion test, Baroghel-Bouny et al. (2007) found 
a good agreement between the colorimetric method and the chloride profile, it was 
pointed out that the large variability of the chloride concentration in the boundary (cd) 
induces only small variations in the penetration depth.  
 
In that study (Baroghel-Bouny et al. 2007), it is concluded that the silver nitrate 
colorimetric technique gives good results when it is necessary to investigate the 
behaviour of a group of concretes exposed to the same external chloride 
concentration. It is possible to quantify, compare, and rank mixtures according to the 
coefficient k of the next equation. 
 
tkxd =   (6.14) 
6.9 CONCLUSIONS  
27. Voltage and current control are possible conditions proposed for an electro–
diffusion test depending on the electrical circuit. These conditions, in addition 
to defining the experimental electrical features give the physical 
considerations to simulate chloride penetration in cement based materials. 
For each one of those conditions experiments were presented in detail. 
 
28. The experimental methods required in this second part of the thesis have 
been described. They were chosen because they can be used as inputs for 
outputs of the model or are related with the hypothesis established in this 
research. The traditional tests such as open porosity, resistivity, and chloride 
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immersion tests have been described briefly and are documented in 
reference sources. In contrast, the development of the new electrochemical 












7 EXPERIMENTAL MEASUREMENT OF THE MEMBRANE POTENTIAL  
This chapter presents the results of the experimental investigation carried out about 
the membrane potential on a migration test. This has the purpose to establish the 
guidelines and the methodology to measure the membrane potential during a 
migration test. 
7.1 INTRODUCTION 
Different approaches have been used to model the ionic penetration of chlorides 
through concrete. In order to understand this phenomenon, this chapter summarises 
an experimental investigation of the membrane potential on a migration test. To 
achieve this, the new test summarized in section 6.3.3 was carried out on paste and 
mortar samples. Results for slag blended concrete mixtures will be presented in the 
third part of this thesis 
7.2 EXPERIMENTAL PROGRAMME  
As was shown in section 6.3.5, during a migration test between the copper 
electrodes and the concrete sample there is a linear drop of the electrical potential at 
both electrodes. In the same way, across the concrete sample the electrical field is 
non-linear as is shown in figure 7.1; only during the initial time step at the start of the 
test can the electrical field be considered linear.  
 
Copper Electrode
      (anode)
Copper Electrode
      (Cathode)
ψ
Concrete sample
Electrode - concrete 
        interface
Electrode - concrete 





Non linear potential across the 
concrete
 
Figure 7-1 Non-linear voltage distributions in a migration test 
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Experimentally, the gradient or difference between the measured voltage at any time 
and the linear condition can be calculated. This value corresponds to the membrane 
potential and is calculated by subtracting the value of the voltage measured from the 
initial value at the start of the test for each time and position. 
 
0VVV Ti −=∆   (7.1) 
 
∆V corresponds to the membrane potential, VTi is the voltage measured at time t, and 
V0 is the voltage at the start of the test.  
7.2.1 Migration tests on cement paste 
This first experimental stage was proposed in order to setup and calibrate the 
experiment presented in sections 6.3.2 and 6.3.3. It consisted of mixes of cement 
paste using a Portland limestone cement CEM II/B-LL with a water binder 
relationship of 0.28. The specimens were cured under controlled humidity and 
temperature and all the voltage control migration tests were made at an age of paste 
samples between 28 and 35 days old. The samples were 100 mm diameter and 50 
mm length and were conditioned according to 6.3.6. The test was run twice and the 
result shown is the average of both results. The reservoirs of the diffusion cells were 
filled with a 0.30 N NaOH and a 3.0% NaCl solution respectively, voltages of 15, 30 
and 60 volts were kept for 16.5 hours. The current in the paste samples was 
monitored continuously as well as the potential difference between the mid point of 
the sample and the negative electrode of the system.  
 
One of the aims of this research stage was to establish the behaviour of the electric 
field in a voltage control migration test, from a theoretical and experimental point of 
view. It was also necessary to monitor the temperature. Although the ASTM C1202 
standard suggests that the temperature of the solutions should not be more than 90 
°C, in order to compare the experimental results with the analytical model large 
gradients were not allowed in this experimental program. It is supposed that an 
increase in temperature will generate a change in the behaviour of each ion in the 
pore solution, which will raise the total current flow (Julio-Betancourt and Hooton 
2004). Because of high temperatures, some changes in the physical and chemical 
conditions of the sample can be expected (Zhang and Gjorv 1991, Roy 1989, 
Mccarter, Starrs and Chrisp 2000). In addition, the electrical conductivity is sensitive 
to temperature; heating will result in higher measured Coulomb values. 
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7.2.2 Migration tests on mortar samples 
It has been reported that in a concrete sample a higher cement content increases the 
electrical conductivity (El-Enein et al. 1995), and it regularly decreases on increasing 
the aggregate content (Princigallo, Van Breugel and Levita 2003). These effects are 
explained because the conductivity of the aggregate is much lower than that of the 
cement paste. In the same way, Wee, Suryavanshi and Tin (1999) showed that the 
total charge passed in a RCPT test for a higher aggregate content sample is lower 
compared with one of lower aggregate content. Due to the high amount of charge 
and temperature in the first stage for 60 volt migration tests, in a second stage mortar 
samples were used with the aim of decreasing the overall conductivity of the 
samples. 
 
Mixes of mortar with water to cement ratio of 0.49 and 0.65 were cast. Ordinary 
Portland cement CEM I without mineral or chemical admixtures was used. The ratio 
sand to binder was 2.75 for all mixes. For each mix five cylinders of 100 mm 
diameter and 200 mm height were cast to be used in porosity and voltage control 
migration tests. In addition, three cubes of 50 mm for each mix were cast in order to 
know the concrete strength. Particle size analysis of the sand was carried out and is 
shown in figure 7.2. 
 
 
Figure 7-2 Fine aggregate size distribution and ASTM C-33 limits 
The recommended ASTM C33 (2008) limits are included in figure 7.2. The curve 
shows that although the size of the sand is between the recommended limits, it is 
close to the lower limit being a coarser sand. The calculated fineness modulus was of 
3.3 confirming the previous statement. The Dry density of the sand was 2660 kg/m3. 
The average specific gravity for the cement used was 3.04. 
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The specimens were cured under controlled humidity and temperature and the 
mortar samples were tested at 28 days for concrete strength and open porosity. The 
migration tests were carried out with samples between 30 and 38 days old. Migration 
tests were made in mortar samples of 100 mm diameter and 50 mm length, 
conditioned according to 6.3.6. The concentration of sodium chloride in the cathode, 
the nominal external electrical potential difference applied and the water to binder 
ratio of the samples were different for each test according to Table 7.1. Each test 
was made in duplicate. 
 
    Concentrations  
# test Water / binder 
∆ Voltage 
[V] 





1-M 0.49 60 Distilled water 0.3 N 3% 6.0 
2-M 0.49 30 Distilled water 0.3 N 6% 21.6 
3-M 0.49 30 Distilled water 0.3 N 3% 21.6 
4-M 0.49 30 Distilled water 0.3 N 0% 21.6 
5-M 0.65 30 Distilled water 0.3 N 3% 21.6 
6-M 0.49 15 Distilled water 0.3 N 3% 21.6 
7-M 0.65 15 Distilled water 0.3 N 3% 21.6 
 
Table 7-1 Initial migration tests carried out on mortar samples 
In addition to the electrical current the membrane potential was measured at different 
points. The distance between those points and the edge of the sample in contact with 
the negative electrode (cathode) is shown in figure 7.3. The location of the salt 
bridges defines four zones in the concrete sample where the conductivity can be 
calculated. Those zones are named as Z1, Z2, Z3 and Z4 and for each one the 
electric potential difference across itself was calculated. 
 
 
Figure 7-3 Schematic average localization of the points where the membrane potential 
was measured 
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7.3 EXPERIMENTAL OUTCOMES AND DISCUSSION 
7.3.1 Tests on cement paste 
The average results of the concrete strength and porosity are shown in table 7.2. The 
tests that ran at 15 volts did not show changes of temperature - it remained at 24 °C 
after 16.5 hours. The ones that ran at 30 volts showed a maximum temperature of 42 
°C after 16.5 hours, and the ones that ran at 60 volts showed 100 °C after 5 hours. 
Because of the high temperature all the information from paste samples that ran 
under 60 volts was not analyzed. In the same way Shi (2004a) reported that the 
electric current through cement pastes of OPC is too high to complete the RCPT test 
(60 V). Results of the measurement of current, temperature and voltage are 
presented in table 7.3, and plotted in figure 7.4. 
 
Mix Concrete strength   (28 days) [MPA] 
Open 
porosity [%] 
Paste OPC-LL 63 30.3 
 


































OPC-LL 16.5 15 70.9 73.6 3.8 6.99 7.36 5.3 24 
Paste 
OPC-LL 16.5 30 162.3 257.2 58.7 14.18 14.77 4.1 42 
 
Table 7-3 Electrical results for paste samples 
In general, results show that differences between initial (room temperature) and final 
temperatures and currents are greater when a higher voltage is applied. In the test 
run at 15 volts the Joule effect was negligible. For the test run at 30 volts, the 
maximum temperature reached a difference of 19 °C with respect to room 
temperature.  
 




Figure 7-4 Transient current and temperature evolution for paste samples 
The initial current for the test run under 30 V was 162.3 mA. There was an increase 
in the current for the first 12 hours, where it reached a maximum value of 260 mA. 
After this point, the current started to reduce; the final current at 16.5 hours was 1.59 
times the initial value. In contrast, the test that ran at 15 volts shows a little variation 
in the total current, the initial and final values were 70.9 and 73.6 respectively, with a 
difference of 3.8%.   
 
The mid-point voltage for both tests showed a rise from its initial value. However, the 
30 volts test shows an initial decrease during the first 2.5 hours. Figure 7.5 (left) 
shows the transient voltage measured experimentally and figure 7.5 (right) shows the 
membrane potential change calculated from equation 7.1. For both experiments an 




Figure 7-5 Transient voltages and membrane potential in the mid-point for paste 
samples  
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7.3.2 Tests on Mortar Samples 










w/b=0.49 36.59 18.5 
Mortar 
w/b=0.65 31.48 25.4 
 
Table 7-4 Results of compressive strength and porosity for initial paste samples 
It is recognized that migration tests have a significant variability. ASTM C1202-05 for 
instance, suggests that the results of two correctly carried out tests by the same 
person on samples from the same batch and the same diameter should not diverge 
by more than 42%. In order to confirm that the tests made are between valid ranges 
and the results are reliable enough to be analyzed, the maximum difference in 
percentage of current between two replicas of the same test was found. In table 7.5 
the maximum difference in the current for each couple of samples is shown. Test 1-M 
does not show any difference because of the high temperature during the 
experiment; it was necessary to terminate it, and just one complete test was run. The 
results confirm that the currents for each pair are close enough to be treated as an 
average. 
 
    # test Variation  % 








Table 7-5 Maximum difference of current between mortar samples of the same mix 
7.3.2.1 Temperature measured in mortar tests 
In addition to the variability of the test, some results can be affected by increasing the 
temperature. In table 7.6 the maximum values of temperature measured in the anode 
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solution are shown and in figure 7.6 the average transient temperature for each 
experiment is plotted.  
  
 
  Anode 
solution 
# test ∆ Voltage 
[V] 
W / b Max temp.[C] 
1-M 60 0.49 99 
2-M 30 0.49 34 
3-M 30 0.49 35 
4-M 30 0.49 36.5 
5-M 30 0.65 38.5 
6-M 15 0.49 23.5 
7-M 15 0.65 24 
 
Table 7-6 Maximum temperature measured in the anode during migration tests for 
























1-M 2-M 3-M 4-M 5-M 6-M 7-M  
 
Figure 7-6 Temperature evolution measured in the anode during migration tests for 
initial mortar samples 
The results show that the temperature for the test that ran at 60 V reached 100 °C 
after 5 hours. All the tests that ran at 30 V showed a similar transient increase of 
temperature, within a range of 34 and 39 °C. The sample of water binder ratio of 0.65 
reached the highest value of this group. The tests that ran under 15 volts showed a 
similar increase of temperature; where there were no major differences respect the 
water binder ratio. For the mortar samples measured the increase of temperature 
was more dependant of the external voltage applied than the water binder ratio of the 
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material, and the relationships between temperature, external voltage, and water 
binder ratio are not linear. 
 
It was found that around 5 hours after the initiation of the experiment all the samples 
reached at least the 90% of the maximum temperature, regardless of the solutions 
used in the reservoirs or the voltage applied. With the aim of estimating the influence 
of the voltage on the temperature, the values of external voltage vs. temperature at 5 
hours for tests 1-M, 3-M and 6-M that correspond to the mortar samples with water 
binder ratio of 0.49 and the same solutions in the reservoirs are plotted in figure 7.7. 




894.0.00468.0 587.945.13 += −  (7.2) 
 
T is the temperature in the anode solution [°C] and V is the external nominal voltage 
applied [V]. This equation is valid only for the mix tested and can not be generalized 
to all concrete or mortar mixes; however, it proves that the relationship between the 
voltage applied and the maximum temperature behaves in a non-linear way. In 
chapter 9 the relationship between voltage and temperature will be simulated and 



























Figure 7-7 Relationship between the maximum temperature measured in the anodic cell 
and the external voltage applied in mortar samples 
In a previous work, Julio-Betancourt and Hooton (2004) proposed a general 
experimental equation to account the Joule effect in an ASTM C1202-RCPT test. 
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This equation gives the corrected total charge value of a concrete specimen as if the 
temperature during the experiment were kept constant at 23±2 °C.  It is known that 
the total charge increases with increasing the temperature, and according to 
Betancourt’s equation, in a RCPT test a gradient of 14°C (found for the most of the 
30 V tests made) yields an increase of the value of the measured charge of 25%. It 
has been proved previously that a 30 V test produces a lower joule effect than a 60 V 
test. From figure 7.7 can be seen that if the voltage is reduced to a ratio of 0.5 from 
60V to 30V, the temperature is reduced as well but with an approximated ratio of 0.3. 
As the Betancourt’s equation is valid only for RCPT tests with 60 volts and in 
agreement with the analysis presented above can be concluded that for the mortar 
migration test ran in this research with 30V the joule effect produces approximately a 
reduction around 8.5% (25/3). This value is lower than the average error for all the 
tests (15%). On the other hand, the graph of the first derivate of the equation 7.2 
(figure 7.8) shows the change of the temperature caused by the change of the 
voltage and that represents in some way the Joule effect as well. The value of the 
first derivate for 30 volts is 3.5 times lower that for 60 volts. That shows how the 




















Figure 7-8 Relationship between the maximum temperature measured in the anodic cell 
and the first derivate of the relationship temperature-external voltage 
7.3.2.2 Current measured in mortar tests 
Table 7.7 shows the results of initial and final current, the difference in percentage 
between those values during the test, and the total charge calculated. 
 














1-M 60 0.49 305.8 977.2 219.6 16140 
2-M 30 0.49 147.2 141.6 4.7 13035 
3-M 30 0.49 163.5 150.8 7.8 13797 
4-M 30 0.49 124.5 243.1 96.7 15922 
5-M 30 0.65 215.5 278.9 29.5 21539 
6-M 15 0.49 80.3 72.3 9.8 6146 
7-M 15 0.65 88.8 89.1 3.5 7383 
 
Table 7-7 Summary of the electrical results for the mortar samples 
For all the tests the transient current measured is plotted against time, each figure 
represents the average of two samples (except sample 1-M). Figure 7.9 shows the 
current for the test 1-M. During the first four hours of the test there was a significant 
increase of current, with a significant heating of the system.  
 
 
Figure 7-9 Evolution of the transient current sample 1-M; External voltage = 60 V, water 
to binder ratio = 0.49 
Figure 7.10 shows the tests run at 30 volts. Samples 3-M and 5-M were carried out 
with the same electrode solutions but the water binder ratios of the samples were 
0.49 and 0.65 respectively. It is confirmed that the current increases with increasing 
the w/b ratio, because more pores and diffusing paths may form as the w/b ratio 
increases. The same results have been found by Lane (2005). It has been reported 
by Yang, Chiang and Wang (2007) that in a test lasting long enough to allow chloride 
ions to migrate across the sample and reach the anodic cell, the transient current will 
increase at the start of the experiment reaching a maximum value before starting to 
decline. After a period of time the current tends to become stable with a new slight 
increment. Sample 5-M shows a similar behaviour to that reported by Yang, Chiang 
and Wang (2007), initially the current increases in the first few hours, and then 
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decreases for a period of time. After this period, the current become stable with a 
new small increase. A similar trend in the current was reported by Beresford (2002). 
Results of the current evolution for some experiments will be compared with the 
results of the Coventry model in chapter 9.  
 
  
Figure 7-10 T Evolution of the transient current samples 2-M, 3-M, 4-M and 5-M; 
External voltage = 30 V  
The transient current measured is a function of the properties of the concrete 
(microstructure and chemical pore solution) as well as the conditions of the test 
(voltage applied and solutions used in the cells). For samples 2-M, 3M and 4-M 
where a solution of 0.3 N NaOH was used in the anode and in the cathode solutions 
of 6% NaCl, 3%NaCl and distilled water were respectively used, the transient current 
exhibits some differences. There are small differences in the current values and in 
the trend of the current for samples 2-M and 3-M, both samples reached their 
maximum after 5 hours, and declined in current towards the end. In contrast, sample 
4-M showed a continuous increase in the current during the test. Although the initial 
current is similar for all three tests (values can be seen in table 7.7) the final current 
of sample 4-M differs noticeably to the others. Yang, Chiang and Wang (2007) 
attribute the decrease of the current after a maximum due to a replacement of OH- by 
Cl-. The graph shows that effectively, in the absence of some ions in the cathode 
(sample 4-M) the current continues rising up until the end of the test. The increasing 
current can not be attributed only to the chloride ions because if different solutions 
are used such as sodium hydroxide or calcium hydroxide similar trends can be found 







 2-M, w/b=0.49 
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Samples 6-M and 7-M were tested at 15 volts and the transient current is shown in 
the figure 7.11. For both samples the trend is similar, but the values of current for 
sample 7-M are greater than those for the sample 6-M, this is due to the higher water 
binder ratio. Although for those samples the current begins to decrease after 4.5 
hours, it can be seen from the graph that the rate of decrease is nevertheless slight.     
 
 
Figure 7-11 Transient current samples 6-M and 7-M; external voltage 15 V  
The charge passed vs. time is shown in figure 7.12. An increase in the external 
applied voltage produces an increase in the charge passed. In the same way, an 
increase in the water binder ratio produces an increase in the charge passed. 
However, the charge passed seems to be more affected by the external potential 
voltage than by the water binder ratio. Even thought samples 2-M, 3-M, and 4-M 
have different concentrations of chlorides in the cathode at the start of the test, they 
have similar charge passed. That is very important because it proves that the 
passing of charge is not dependent exclusively on chloride ions. It was stated by 
Feldman et al. (1994) that chlorides are not needed in the ASTM C1202 test, which 
means that even if chloride ions are not present during the test, there is a profile for 
the current passed with a corresponding value of total charge. Nevertheless, the 


























Figure 7-12 Charge passed vs. time in mortar samples 
7.3.2.3 Membrane potential measured in mortar tests 
For all the mortar mixes the voltages were measured in three different positions. The 
ideal location of those points was the mid-point and the quarters of each sample. As 
the drilling of the holes in order to insert the salt bridges was made mechanically with 
a hammer drill, some differences were found between the ideal and the actual 
location of each point. In order to find the position of the potential readings was 
assumed that at the start of the test the electrical field across the concrete sample is 
linear. Consequently, as the length, the total potential applied, and the potential in 
each point are known, the real position of each reading was calculated. Figure 7.3 
shows the ideal location of the points and table 7.8 shows the average location of the 
points where the voltage was measured. 
 
 Sample A Sample B Average 
# test E1 [mm] E2 [mm] E3 [mm] E1 [mm] E2 [mm] E3 [mm] E1 [mm] E2 [mm] E3 [mm] 
1-M 12.4 23.3 35.5 ** ** ** ** ** ** 
2-M 15.0 24.7 32.9 15.5 24.5 35.2 15.3 24.6 34.0 
3-M 14.8 24.6 35.4 13.6 22.0 35.0 14.2 23.3 35.2 
4-M 20.2 28.0 35.1 19.5 27.7 35.4 19.9 27.8 35.2 
5-M 18.4 25.5 33.6 15.0 24.3 31.8 16.7 24.9 32.7 
6-M 16.2 25.7 33.5 18.8 28.4 38.5 17.5 27.1 36.0 
7-M 20.6 25.9 35.1 18.4 24.5 32.7 19.5 25.2 33.9 
 
Table 7-8 Average localization of the points where was measured the membrane 
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The voltage across the sample was measured according to the test introduced in 
6.3.3. Table 7.9 shows the average of the initial and final values of the voltage 

































1-M 14.63 14.57 0.4 27.42 31.61 15.3 41.80 45.38 8.6 
2-M 8.9 8.9 0.5 14.4 16.0 11.0 19.9 22.9 14.8 
3-M 8.3 8.1 2.7 13.6 14.0 2.7 20.6 22.7 10.1 
4-M 11.6 9.0 22.3 16.3 16.1 2.2 20.6 22.2 7.7 
5-M 9.7 10.4 7.5 14.6 16.4 12.9 19.1 21.2 11.1 
6-M 5.1 5.7 13.9 7.8 8.6 10.7 10.4 11.3 9.0 
7-M 5.6 5.7 2.2 7.3 7.9 8.7 9.8 11.0 12.8 
 
Table 7-9 Summary of the membrane potential results for mortar samples 
Figure 7.13 shows the variation of the voltage across the sample for all the tests 
made, with the exception of mix 1-M, which did not have results due to the high 
temperature reached during the experiment. Although for all samples there was a 
noise in the voltage logged, there is a good defined trend. It was found that this noise 
was substantially reduced by slightly increasing the depths of the drilled holes for the 
salt bridges. This observation indicates that the noise was caused by the random 
distribution of aggregate limiting the contact between the salt bridges and the pore 
volume. In the figure are presented two replicates for each test, those were named 
with the letters “a” and “b”. 
 
The profile for the replicates in each mix was very similar.  It was confirmed 
experimentally that the voltage in the sample is not linear during the test and the 
profile is related with the features of the sample and also with the conditions of the 
test. In order to filter the noise found experimentally during the logging of the tests a 
commercial curve fitting software (The Mathworks 2001) has been used. As the 
transient voltage data collected experimentally was noisy, it was necessary to apply a 
smoothing algorithm to find its features. In those algorithms, it was assumed that the 
relationship between the voltage data and the time data is in reality smooth, and the 
smoothing process results in a better approximation of the real value because the 
stochastic noise has been eliminated. The methods used for smoothing the data 
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Figure 7-13 Difference of electrical potential across the sample measured during the 
mortar migration tests and respect to the cathode electrode  
A summary of the procedure used in order to determine the transient membrane 
potential is presented below and an example is shown in figure 7.14 for mix 7-M. 
 
1. For each mix the voltage was logged in three different points of the concrete 
sample. 
 
2. The membrane potential was calculated for each replica of each mix from the 
equation 7.1. 
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3. The data from the experiment were filtered with a commercial curve fitting 
software to smoothen the graphs out and to avoid the noise effects. 
 
4. The transient voltage was calculated as the average of the filtered voltages of 
the replicas. 
 
The behaviour of this membrane potential across the sample during the test is shown 
in the figures 4.15 to 4.20 as contour graphs. The value of the membrane potential at 
the edges of the sample was assumed to be zero because those points correspond 






















































































































Figure 7-14 Algorithm proposed to calculate the membrane potential during a voltage 

































V = Vn – V0 
Smooth curve 
Average: 
VEi =Σ V/n 




Figure 7-15 Average membrane potential mix 2-M, w/b=0.49, external voltage = 30V 
 
Figure 7-16 Average membrane potential mix 3-M, w/b=0.49, external voltage = 30V 
 
Figure 7-17 Average membrane potential mix 4-M, w/b=0.49, external voltage = 30V 




Figure 7-18 Average membrane potential mix 5-M, w/b=0.65, external voltage = 30V 
 
Figure 7-19 Membrane potential mix 6-Ma, w/b=0.49, external voltage = 15V 
 
Figure 7-20 Average membrane potential mix 7-M, w/b=0.65, external voltage = 15V 
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All the mixes tested with solutions of NaCl in the cathode and NaOH in the anode 
showed a similar distribution of membrane potential. There was an increase of 
voltage in the area that was near to the alkaline solution. Mixes 2-M, 3-M and 5-M 
reached a maximum value of voltage with a subsequent reduction. For those 
samples, in the area near to the cathode the membrane potential either tends to be 
constant throughout the test or presented a smooth negative variation. Although the 
samples run with 15 V showed an equivalent profile to the ones run at 30 V, the 
profile had a lower potential and there was not enough time to reach a maximum 
value. The sample tested with distilled water in the cathode presented a different 
profile; there was a negative peak, but this time it was located near the chloride 
solution. 
 
The behaviour of the voltage during a migration test shown in figures 7.15 to 7.20 
represent a unique feature of the material under specific conditions of electro-
migration. The similarities found show that it follows a physical pattern and can be 
used in order to try to explain the complex phenomena during electro-migration of 
ions through concrete. 
 
From the contour plots the membrane potential for any point and duration of the test 
can be examined, it has either an academic or scientific value. However, those tests 
are expensive and not easy to complete. As an alternative, it has been proposed to 
study just the behaviour of the mid-point (located in the centre of the sample) as a 
source of additional information in a practical situation. The implementation of the 
test for qualifying or assessing concretes mixes can be suitable with the information 
of the membrane potential in the mid-point. 
 
The electric membrane potential in the mid-point for each mix is shown in figure 7.21. 
Both samples run with 15 V (6-M and 7-M) showed from the start a sustained 
increase in the membrane potential, although mix 7-M, with water binder ratio 0.65, 
reached a maximum value at 15 hours and then began to fall. In contrast, sample 6-
M did not reach a maximum during the test. Mixes 2-M, 3-M, and 5M showed from 
the start of the test a slightly negative membrane potential during the first hour of the 
experiment. After this time, those samples start to increase the voltage. Mixes 2-M 
and 3-M reached a maximum positive value of membrane potential at 13 and 10 
hours respectively. Mix 5-M showed an initial maximum value of potential at 5 hours, 
a steady decreasing between 5 and 10 hours, followed by a local minimum at 12 
hours, and a second maximum value at twenty hours. Sample 4-M without chlorides 
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in the cathodic solution showed a different trend from the other samples. For this mix 





























Figure 7-21 Membrane potential of mortar samples measured in the mid-point  
7.3.2.4 Conductivity in mortar samples 
In order to see the variation of the conductivity during the test, the electrical potential 
difference was calculated across the segments where the voltage was measured 
(zones Z1 - Z2 - Z3 - Z4 figure 7.3) and the conductivity was calculated using the 











  (6.13) 
 
If the electric field is constant along the sample it is expected that the behaviour of 
the conductivity has the same trend as the current. However, as the voltage varies 
across the sample, the calculated conductivity across the sample has a different 
value. The electrical properties of a mortar sample during a migration test are 
transient in time and position due to the movements of ions into the pore solution. 
The change in the conductivity of the samples can not be attributed to any gradient of 
temperature as was discussed earlier. Figures 7.22 to 7.24 show the variation of the 
conductivity for the four zones where the potential was measured. 
 
The conductivity for tests 2-M and 3-M are similar, that is due to the nature of the 
experiment. The movement of ions is due principally to electrical migration and the 
contribution of the diffusion is negligible. All the zones had the same pattern: the 
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to decrease steadily. Zone 1 got its maximum value at 2 hours, the zone 2 got its 
maximum value at 6 hours, the zone 3 got its maximum at 8 hours, and finally, the 
zone 4 got its maximum at 15 hours. The variation of the conductivity of the sample 
4-M showed a different trend than the previous mixes, that is explained by the 
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7.4 CONCLUSIONS  
29. The electrical field is not linear in a migration test; it varies in time in position 
according to the development of the membrane potential.  
 
30. From a macroscopic point of view, the local maximum or any feature of the 
mid-point membrane potential can be explained as a result of the variation of 
the conductivity of the pore solution due to the migrations of all ions involved.  
 
31. The transient conductivity is defined by the relationship between the transient 
voltage and the transient current at any point. The evolution of the mid-point 
membrane potential can be measured experimentally and can give additional 
information in a migration test. 
 
32. From the experimental program carried out and from the simulations made, it 
has been proven that the voltage during either normal diffusion or migration is 
not linear. The test proposed to measure the membrane potential has given 
encouraging results and the simulations confirm that under controlled 
conditions, changes in the parameters of the test and in the properties of the 
material affect the membrane potential.  
 
33.  A methodology to measure the membrane potential has been developed. 
This can be used in cement based materials subjected to a standard RCPT 
migration test.  
 
 




8 OPTIMIZATION OF THE VOLTAGE CONTROL CONDITION 
8.1 INTRODUCTION 
Almost all numerical models used to simulate the ionic penetration into porous media 
give, as outputs, the evolution of the ionic concentration as a function of the exposure 
conditions, and some material transport related properties. The exposure conditions 
can be natural or laboratory controlled and can be established with a good level of 
accuracy, especially for the former. In contrast, the transport related properties 
represent a major problem because of the difficulties in measurement. Although the 
diffusion coefficient and the binding capacity factor of chlorides can be measured 
experimentally, for other species involved in a diffusion or migration process (OH-, 
K+, Na+) they represent a highly complex problem. In the same way, the chemical 
composition of the pore solution is a test not easy to perform because it requires 
special equipment. 
 
In addition, regardless of the experimental method used to find the chloride 
coefficient of diffusion, there are some difficulties with each procedure. For example, 
in addition to the problem of the duration of the tests, the determination of chloride 
concentrations either in solutions or in concrete requires special equipment and the 
laboratory work is time consuming. Additionally, all the procedures assume no 
depletion of chlorides in the source reservoirs, a situation which requires the 
continuous replacement of the solutions or, at least, the monitoring of the 
concentration, even if large quantities of initial solution are used. In addition, the 
effect of other ionic species and their interaction with chlorides is neglected.  
 
As was explained in section 5.7, the Coventry electro-diffusion model gives as 
outputs the ionic concentration, the transient current and the mid-point membrane 
potential during a migration test. The programme uses the physical transport 
properties and the test conditions as input data. However, as during a migration test 
the physical transport properties are unknown, an optimization technique was 
proposed in this research. With this, some of the transport properties of any specific 
mortar or concrete mix are determined using the Coventry model and the 
optimization technique together. This was achieved by running the model a number 
of times and using the results as a database in order to obtain the input data from 
known output.  
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The optimization technique used was an artificial neural network algorithm (ANN). It 
was trained to optimize the principal related physical properties involved during a 
standard migration test. This new method consists of the experimental determination 
of the electrical current and the electrical membrane potential during the ASTM 
C1202 test, and then obtaining the chloride transport related properties with the 
integrated physical-neural network model.  
 
In a first part of this chapter some theoretical aspects of the artificial neural network 
systems are introduced. It is important to note that the theory of ANN reported here is 
general and does not follow a rigorous mathematical approach; this is given by 
Gurney (1997). In a second part of the chapter the assumptions made on the 
physical problem of migration are presented, in a third part the development of the 
neural network is presented. Finally, the optimization neural network was applied to 
some concrete mixes and based on the experimental results and the simulations, the 
intrinsic diffusion coefficients of chloride, hydroxide, sodium and potassium were 
obtained. Also, the initial hydroxide composition of the pore solution, the porosity, 
and the chloride binding capacity were obtained. 
8.2 ARTIFICIAL NEURAL NETWORKS 
An Artificial Neural Network (ANN) is one of the artificial intelligence techniques used 
as information processing systems, capable of learning complex cause and effect 
relationships between input and output data (Demuth, Beale and Hagan 2008). They 
are highly non-linear, and can capture complex interactions among input and output 
variables. Like in human beings, in an ANN a neuron is connected to other neurons 
through links that produce a stimulus to the entry and exit as a response, in addition, 
they have the ability to communicate among them. A neural network has a finite 
number of neurons distributed in the input layer, which represents the input data, an 
output layer, which computes the neural networks outputs, and one or more 
intermediary layers called hidden layers, which generate the relationships between 
layers of entry and exit. 
 
A neural network is trained to develop a particular task or function adjusting the 
intensity with which the neurons are interconnected. The back-propagation algorithm 
is one of the most commonly used in civil engineering applications. Initially in each 
connection between neurons is assigned a weight, a value that is fitted during the 
back propagation learning process. Commonly a neural network is trained or 
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adjusted in a way that the input variables correspond with an expected output. This 
situation is shown in Figure 8.1; the network is trained by adjusting the weights 




Figure 8-1 Training back-propagation algorithm of the neural network method 
Usually within a network, the entrance to a neuron is a numeric value defined as a 
scalar p, which in turn is multiplied by a weight w in order to generate a product wp, 
scalar as well. In order to generate a scalar output in a neuron, it is necessary to 
evaluate a function known as transfer function f, which may sometimes be influenced 
by a bias defined by a scalar b. The transfer function f, usually corresponds to a step, 
linear or sinusoidal function, which uses n as an argument and generates a scalar 
output. When a neuron contains multiple entries, defined by a vector as shown in 
Figure 8.2, the value of n or argument of the transfer function is defined as: 
 
bpwpwpwn RR ++++= ,122,111,1 .......   (8.1) 
 
















Figure 8-2 Neuron with multiples entries (Demuth, Beale and Hagan 2008) 
8.3 GENERAL ASSUMPTIONS 
The computational simulation of any physical system needs some assumptions in 
order to decrease the problem complexity. In that way, the next suppositions were 
established in the optimization model developed in this research. 
 
 In a migration test the profile and evolution of the membrane potential and the 
current is associated either with: 
 
• Factors related with the test, such as the electrical external potential, the 




• Factors related with the features of the sample, such as the concentration of 
species in the pore solution, the tortuosity of the pore network, the porosity of 
concrete, the intrinsic properties of diffusion for each ion present and the 
binding capacity or adsorption of each ion.  
 
If in any chloride migration experiment all the conditions related to the test are 
carefully controlled, it can be argued that the differences in the current and the mid-
point membrane potential among different mixes are due to the differences in the 
transport characteristics of the material. With measuring the transient current by itself 
it is not possible to determine a unique numerical value for all the concrete transport 
properties because there are too many unknowns and not enough relationships to 
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the mid-point membrane potential it is possible to determine an unique combination 
of the transport properties by using the neural network and making the following 
assumptions: 
 
1. The chloride apparent diffusion coefficients were determined from the intrinsic 
diffusion coefficient, the porosity of the material, and the binding capacity 
factor using equation 5.33. 
 
2. Although it is well known that chloride, hydroxide, sodium, and potassium 
have complex reactions with the cement hydration products, chlorides were 
the only ions permitted in the model to have adsorption or binding with the 
cement matrix. The reason for adopting this assumption was to limit the 
number of variables to optimize. In addition, although it has been 
demonstrated experimentally that non-linear isotherms better reflect the ionic 
adsorption, the model uses an average linear isotherm that closely 
approximates the average adsorption of chlorides.  
 
3. At the start of the test the chemical pore solution is composed of ions OH-, K+ 
and Na+, and in order to keep electroneutrality, it was assumed that the 
concentration of hydroxyl ions is equilibrated with a proportion of 33% of 
sodium and 66% of potassium. This assumption was based on published 
results (Bertolini et al. 2004). 
 
4. The external experimental conditions are as in ASTM C1202, i.e. voltage 
applied, duration of the test, concentration of the external solutions, size of 
the sample, etc. 
8.4 OPTIMIZATION MODEL 
The integrated computational model developed was composed of two main 
techniques; the Coventry electro-diffusion model (already presented in section 5.7), 
and an artificial neural network. The latter had a back-propagation algorithm with a 
multilayer architecture. An input layer of 6 neurons, a hidden layer of 3 neurons and 
an output layer of 7 neurons (figure 8.3) were used.  
 










Current at 3.6 hours






Capacity factor of Cl binding
Porosity
Input layer Output layer
 
Figure 8-3 Inputs and outputs of the neural network model proposed 
The 6 Input neurons correspond to the experimental values of current and the mid-
point membrane potential through the sample at different times. The output neurons 
correspond to the intrinsic diffusion coefficients of Cl-, OH-, Na+ and K+, the porosity, 
the hydroxide composition into the pore solution at the start of the test, and the 
binding capacity factor for chloride ions. The transfer function used was a hyperbolic 
tangent sigmoid one, which was limited to be between -1 and +1, and the Levenberg-
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The neural network model was constructed and trained using the neural network tool 
box of Matlab®. To train the network the numerical physical model was run several 
times in order to obtain enough input vectors and the corresponding target vectors. 














Figure 8-5 Conceptual diagram integrated model: Coventry model-neural network 
During the training, all the inputs and outputs were normalized between -1 and +1 in 
order to avoid the influence of the scale of the physical quantities. In the same way, 
to feed the neural network it is necessary to normalize the data. A linear relationship 
was used to find the equivalence between the real coordinate system and the natural 


















   (8.2) 
 
Vi corresponds to the physical parameter i, and  correspond to the same parameter 
but in the natural scale. The corresponding constants to normalize the input 
experimental data are: 
Transport properties 
 Intrinsic diffusion coefficient (Cl-) 
Intrinsic diffusion coefficient (OH-) 
Intrinsic diffusion coefficient (Na+) 
Intrinsic diffusion coefficient (K+) 
Porosity (ε) 
Chloride binding capacity factor (α) 
OH- conc. of the pore solution  
Experiments 
- Current 







Vmin V Vmax 
-1  +1 
Real scale 
Normalized (natural) scale 
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 Voltage MP [V] Current [mA] 
Time [h] 1.2 3.6 6.0 0.0 3.6 6.0 
Vmax 2.20 6.48 7.56 298.40 552.34 512.24 
Vmin -4.99 -9.79 -11.26 1.22 1.20 1.09 
Vavg -1.40 -1.66 -1.85 149.81 276.77 256.67 
L 7.19 16.28 18.82 297.18 551.14 511.15 
 
Table 8-1 Transformation input matrix: real to natural scale 
In the same way, the properties obtained with the network are normalized between 1 












  (8.3) 
 
  OH conc DCl DOH DNa Dk Cap Cl porosity 
max 550 9.E-10 9.E-10 8.E-10 4.E-10 2 0.30 
min 30 7.E-12 3.E-12 2.E-12 2.E-12 0.16 0.05 
avg 290 4.54E-10 4.52E-10 4.01E-10 2.01E-10 0.896 0.18 
L 520 8.93E-10 8.97E-10 7.99E-10 3.98E-10 1.47 0.25 
 
Table 8-2 Transformation output matrix: natural to real scale 
From the Coventry model more than 2000 combinations of transport properties and 
the transient electrical properties were obtained. Of those, a selection was made 
limiting the current and membrane potential to the maximum and minimum values of 
table 8.1. As a result, a total of 989 combinations were used for training the neural 
network. From the total data, 959 combinations were used to train the network and 
30 combinations were used to validate the behaviour of the network during the 
training process. The matrices used in the learning process are:  
 
Total data: 98979896 ][][ xx OutputsInputs  , training data: 95979596 ][][ xx OutputsInputs  , 
and validating data: 307306 ][][ xx OutputsInputs  .The first subscript of each matrix 
relates to the current and membrane potential at different times for the inputs, and 
the transport properties for the outputs. The second subscript refers to the number of 
combinations available. Figure 8.7 shows the network learning process carried out 
with the Matlab neural network tool box. 





Figure 8-7 Output of the Matlab learning process 
At the end of the training process, the neural network consisted of 3 layers (figure 
8.3), two weight matrices [wi,j] and two bias vectors [bi]. Matrix W1 contains the 
weights establish between the input layer and the hidden layer. For each element wi,j 
the subscript i refers to the hidden layer and subscript j refers to the input layer, so its 
dimension is [3x6]. Matrix W2 contains the weights establish between the output layer 
and the hidden layer, so, its dimension is [7x3]. The vector b1 contains the bias for 
the hidden layer, so, its dimension is [3]; and the vector b2 contains the bias for the 
output layer, so, its dimension is [7]. The matrices and vectors which define the 








































































































8.5 EXPERIMENTAL PROGRAMME 
In order to investigate the validity of the optimization model an experimental program 
was carried out on different concrete samples without admixtures. The results of the 
experiments were used as inputs of the neural network and the transport properties 
obtained. In appendix 4 the steps required to use the neural network are detailed. 
8.5.1 Materials 
Samples of type I ordinary Portland cement (OPC) with different water to cement 
ratios were mixed. Table 8.3 shows the mix designs and the nomenclature used in 
this study. All the tests were made on samples around 180 days old which were 
cured in controlled conditions of humidity and temperature. All mixes were 
compacted mechanically with a vibrating table. The moulds were filled with concrete 








Table 8-3 Concrete mix proportions of samples used to validate the optimization model 
8.5.2 Tests 
The tests carried out are summarized below. 
 
Open porosity: three replicates were tested for each mixture (according to section 
6.5).  
 







OPC 4 0.4 400 705 1058 160 
OPC 5 0.5 400 664 995 200 
OPC 6 0.6 400 622 933 240 
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Chloride migration: The current in a voltage control (ASTM C1202) test and the 
mid-point membrane potential tests were measured (according to 6.3). Two 
replicates were tested for each mixture. 
 
Chloride penetration in a self-diffusion test: For this, the external concentration of 
chloride was 7% NaCl and it was renewed every 3 weeks. After 12 weeks of 
diffusion, the chloride penetration depth was measured using the colorimetric method 
(according to section 6.8.2). The coefficient k of equation 6.14 was calculated for 
each mix. 
8.6 EXPERIMENTAL OUTCOMES 
8.6.1 Transient current 
The average current measured for each mix in the migration test is shown in figure 
8.8. As was expected, an increase in the water cement ratio gave an increase in the 
current passed, and a corresponding increase in the temperature of the sample. The 
measured maximum value of temperature in the anode solution was of 63, 44, and 
36 °C for samples of water cement ratio of 0.6, 0.5 and 0.4 respectively. The values 
of charge calculated as the area under the graph of current versus time were 9580, 




Figure 8-8 Current measured experimentally on samples used to validate the 
optimization model 
8.6.2 Mid-point membrane potential 
The membrane potential measured is shown in figure 8.9a. For some samples, there 
was signal noise which may have been caused by the random distribution of 
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aggregate limiting the contact between the salt bridges and the pore volume. The 
experimental results were filtered with commercial curve-fitting software in order to 
find the best trend of the results and this can be seen in figure 8.9b. The average 
membrane potential for each mix is shown in figure 8.9c. It can be seen that for all 
mixes the membrane potential showed a rise from its initial value, however, mix 
























































































Figure 8-9 Mid-point membrane potential measured 
8.6.3 Chloride penetration 
The chloride penetration coefficients k obtained from the gravity diffusion test and 
equation 6.16 are shown in figure 8.10. As was expected, an increase in the water 
cement ratio yielded an increase in the chloride penetration coefficient.  
 
Figure 8-10 Chloride penetration coefficients k on samples used to validate the 
optimization model 
8.7 PREDICTION OF CHLORIDE RELATED PROPERTIES 
The experimental values of the transient current and the mid point voltage obtained 
from the migration test (table 8.4) were normalized and the artificial neural network 
was run. The outputs of the model are the calculated chloride transport related 
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properties. As a measure of the reliability of the network, the transport properties 
obtained were used to run the electro-diffusion model in order to obtain a simulated 
transient current and mid point membrane potential. The comparison of these curves 
is shown in figure 8.11.  It can be seen that for the current the simulations are in 
agreement with the experiments, and for the membrane potential although there are 
some small differences there is a well defined trend. 
 
 Voltage MP [V] Current [mA] 
Time [s] 1.2 3.6 6.0 0.0 3.6 6.0 
	!	 0.7215 2.4105 3.7850 140.4 203.9 220.5 
		 0.0365 2.3885 3.2730 199.4 342.2 386.1 
	 	 -1.3135 2.4760 6.7320 272.5 474.5 535.4 
   
Table 8-4 Experimental data obtained from the current and membrane potential 
experiments and used as inputs of the neural network 
 
Figure 8-11 Transient mid-point membrane potential and current simulated and 
measured 
The differences between the measured and simulated membrane potential can be 
explained by factors related to the accuracy of the measurement device used during 
the experiment, the heating of the material under an electrical field and the variability 
of the test. However, it may be seen that the neural network is able to give a good fit 
to the profile of the membrane potential, given that the number of possible 
combinations of properties that yield a given current and membrane potential is 
almost infinite.  
 
The calculated transport properties include the porosity, the binding capacity factor 
and the initial hydroxide composition at the start of the test. As was expected, the 
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porosity increases with an increase of the water binder ratio (figure 8.12). In the 
figure it can be seen that the trend of the measured porosity is similar to that 
calculated; however some differences arise from errors in both the numerical and 
experimental methods.  
 
 
Figure 8-12 Porosity measured experimentally and simulated with the optimization 
model 
According to the simulations the binding capacity factor decreases as the water 
binder ratio increases, presumably due to the refining of the hydration compounds 
enabling them to physically bind more free chloride ions (figure 8.13). A different 
trend was reported by Dhir, El-Mohr and Dyer (1997). In this, is stated that there is an 
increase in the chloride binding capacity for OPC cement pastes with an increasing in 
the water to binder ratio. However, no physical explanation for this is provided. It is 
possible that the differences between the results reported on the former reference 
and the results obtained with the neural model arise because were used paste and 
concrete samples respectively. 
 
 
Figure 8-13 Binding capacity factor (α) calculated with the optimization model 
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Figure 8.14 shows that the calculated initial chemical content of the pore solution 
increases with an increase in the water binder ratio. This can be attributed to the 
higher amount of water, which causes a diminution in the ability of the hydration 
products to fix alkali metals. 
 
 
Figure 8-14 Hydroxide concentration calculated with the optimization model 
The calculated intrinsic diffusion coefficients for all the species involved in the 
simulation (Cl-, OH-, Na+, K+) are shown in figure 8.15. As was stated by Andrade 
(1993), cations had a smaller diffusion coefficient than chlorides and hydroxides, 
except in the case of mix 6, in which hydroxide and sodium have a similar diffusivity. 
As was expected, the calculated numerical values of the intrinsic coefficients for all 
the species are, for all the cases, smaller than the coefficients of diffusion in infinite 
diluted solutions, as can be seen in any electrochemistry textbook. The values 
obtained are physically possible and are in acceptable ranges.  
 
 
Figure 8-15 Intrinsic diffusion coefficients calculated with the optimization model 
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In the same way that the measured chloride penetration coefficient increases its 
value with the increase of the water binder ratio, the calculated chloride intrinsic 
coefficient also increases. The relationship between the chloride coefficients obtained 
from the diffusion test (using equation 6.14) and the migration test (using the 
integrated model) is shown in figure 8.16. The correlation coefficient R2 was 1, 
indicating a strong relationship between the coefficients.  
 
Figure 8-16 Relationship Intrinsic diffusion coefficients calculated and chloride 
penetration coefficients measured 
It should be noticed that the number of points to establish the relationship shown in 
figure 8.16 is limited; however, it was presented to show the development of the 
neural network model. In part three of this thesis, additional data will be presented to 
make that relationship more representative. 
8.8 CONCLUSIONS  
34. From the work done in this chapter it can be concluded that the limitations of 
a simple or complex chloride penetration model are the inputs required. 
Between those, the external environment conditions and the transport 
material properties are the most important factors. The external conditions 
can be evaluated “easily”, while for the former, “expensive” tests are required. 
Many experimental procedures have been developed for chloride ions in the 
last 30 years and new methodologies about this topic are frequently 
published. This is a clear indication that not all the problems have been 
solved and there remains a considerable amount of research still to do.   
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35. The standard determination of the chloride diffusion coefficients is time and 
resource consuming, in addition to the uncertainties of the methods and 
theories used. 
 
36. From the technical literature in this chapter, it can be demonstrated that 
neural networks are a reliable technique to optimize a physical phenomenon. 
In that way, the optimization technique proposed in this research is an 
alternative that can yield to the accurate calculation of the concrete diffusivity 
with a short an inexpensive test.  
 
37. The neural network model trained on numerical simulations of the migration 
tests yields viable results for the fundamental properties of concrete. The 
initial hydroxide composition of the pore solution, the chloride binding 
capacity, the open porosity and the intrinsic diffusion coefficients of chloride, 
hydroxide, sodium, and potassium were all estimated with acceptable results. 
 
38. The properties optimized by the neural network model were in acceptable and 











9 MODELLING VOLTAGE AND CURRENT CONTROL CONDITIONS  
In this chapter the results of a programme dedicated to the study of the voltage and 
current control conditions, introduced in section 6.2, are presented. This has been 




The ability of the Coventry University model to simulate adequately a voltage control 
test was assessed both numerically and experimentally. Great attention was given to 
the effect of the numerical process, the evolution of the electrical properties and the 
ionic concentrations. As current control tests and self-diffusion tests describe well-
established mechanisms of chloride penetration into concrete, modifications to the 
Coventry model were introduced to mathematically simulate the effect of such 
conditions, and these findings were also validated experimentally. All experiments 
were carried out using the same mortar material, cast with the particular objective of 
obtaining the correct inputs needed for the computer models. 
 
In addition to the two tests described above, two new electrical conditions, known as 
power control and variable voltage control respectively, were established and 
simulated. Again the general Coventry model was adjusted to meet the requirements 
of constant power and changing voltage simulations. For those conditions, no 
experimental work was carried out; rather, such simulations might form the basis 
upon which extensive future modelling and experimental research could be carried 
out.  
 
The tasks undertaken in this stage of the research can be summarised as follows:   
 
• First, based on the transient current and the membrane potential measured, 
the transport related properties were obtained using a neural network 
algorithm. 
 
• Second, the voltage control ASTM C1202 test was simulated. The numerical 
process used, along with the results of the electrical properties and the ionic 
concentrations, were discussed. Additionally, the voltage control NT-492 
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migration test was simulated and the theoretical assumptions of the standard 
were discussed. 
• Third, for the current control (non-zero current) condition, the most important 
theoretical aspects of the computer model were introduced. Basically, the 
Coventry model was slightly modified and the changes highlighted. Using this 
new computational code, the current control experiments were simulated and 
the validity of the model was assessed.  
 
• Fourth, two additional computational models for migration tests under 
conditions of constant power and under variable voltage control were 
developed. Using these models, the response of the total current, the external 
voltage, the power and the temperature were able to be investigated. 
 
• Finally, the computer code to simulate a current control condition (zero 
current) was introduced. Using this variant of the model, diffusion experiments 
were simulated.  
9.2 EXPERIMENTAL PROGRAMME  
9.2.1 Materials 
A single mortar mix having a water to cement ratio of 0.36, and a sand to binder ratio 
of 3 was cast. Ordinary Portland cement CEM I without mineral or chemical 
admixtures was used. Nine cylinders of 100 mm diameter and 200 mm height were 
cast for use in open porosity, diffusion, and migration tests. In addition, three cubes 
of 50 mm were cast for the purpose of ascertaining the concrete strength. The 
specimens were cured under lime water at 21 ±2 °C prior to testing.    
 
Table 9.1 shows the proportions of the materials used. The particle size analysis of 
the sand was already shown in figure 7.2. Because of the low water to cement ratio 
the mix had a poor workability, and so it was compacted manually using prolonged 
tamping in order to reach its maximum density. 
 
 kg/m3 
W/B OPC Sand Water 
0.36 650 1950 234 
 
Table 9-1 Mortar mix design used in the voltage and current control experiments 




9.2.2.1 Compressive strength and open porosity tests 
Compressive strength and porosity tests were carried out according to sections 6.4 
and 6.5 once the samples had reached an age of 90 days. Three replicates were 
tested for each test.   
9.2.2.2 Voltage control tests 
The electrical current and the membrane potential were measured in a voltage 
control migration test, (ASTM C1202 – section 6.3.2), in samples of 90 days old. 
Three replicates were tested. 
9.2.2.3 Current control (current ≠ 0) tests 
The voltage drop was measured in a current control migration test (section 6.3.4) 
during a 6-hour experiment. The set up of the test was similar to the one 
recommended in ASTM C1202. But, instead of using a constant external voltage, a 
constant external current was being applied. The experiments were conducted in two 
stages. First, an initial experiment was carried out using a current of 50 mA. 
However, due to the low voltage generated, it was decided that the three specimens 
should best be tested under a current of 100 mA. All the samples used in this test 
were older than 100 days at the time of the experiment.  
9.2.2.4 Current control (zero current) tests 
The membrane potential was measured across the mortar specimens under a 
current control test with zero current (section 6.7). 10 mm thick samples were fitted 
between the reservoirs of the diffusion cell and potassium chloride was used in both 
external solutions. Concentrations of 1 M and 0.1 M KCl were used in the cathode 
and anode respectively. In order to monitor the potential difference across the 
sample, which corresponds to the membrane potential, calomel reference electrodes 
were used. No salt bridges were used for this test. The duration of the test was 12 
days and two samples were tested. 
 
In this test, solutions of KCl were used in the external reservoirs in order to avoid any 
junction potential developing due to the taking of experimental measurements. As 
was mentioned before, the diffusivity of potassium and chloride are similar, so no 
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significant electric potential was likely to develop between the reference electrodes 
and the solutions. At the time of testing, all the samples were older than 180 days. 
9.2.2.5 Chloride penetration in self diffusion – “immersion” tests 
Self diffusion chloride tests were carried out for a period of 72 days on samples of 
mortar according to section 6.8. The external concentration of chloride was 7% NaCl 
and this was renewed every 3 weeks. After the exposition period, the total chloride 
concentration was measured at different depths using the RILEM-TC-178-TMC 
recommendation. The experiments were started 100 days after casting the mortar 
specimens and two replicates were tested. 
9.3 OPTIMIZATION OF PROPERTIES 
Results of current and mid point membrane potential from the experimental voltage 
control migration tests are shown in table 9.2. Note that the values of membrane 
potential were previously filtered and adjusted according to the algorithm presented 
in figure 7.14. For both electrical parameters measured, the standard deviation is 
given in order to show the variability of the experiments.  
 
 Inputs 
 Mid-point membrane potential [V] Current [mA] 
Time [s] 0.00 1.21 2.42 3.60 4.81 6.00 0.00 1.21 2.42 3.60 4.81 6.00 
measured 0.00 0.93 2.16 3.44 4.37 5.05 135.69 157.67 179.26 194.64 205.44 211.43 
Stan dev   0.00 0.75 1.20 1.50 1.55 1.33 29.13 32.01 35.34 35.27 34.09 32.34 
 
Table 9-2 Mid-point membrane potential and electrical current from the voltage control 
experiments (inputs of the optimization model) 
Using the experimental results of table 9.2 and the neural network optimization model 
(section 8.4), the transport related properties for the mortar mix under test were 
calculated. Figure 9.1-A shows the intrinsic diffusion coefficients obtained. A 
discussion of the numerical values and the ratios among the diffusion coefficients is 
given in chapter 12. Figure 9.1-B shows the porosity measured experimentally and 
simulated with the numerical model. The simulated hydroxyl concentration of the 
pore solution before the tests was 240 mol/m3 and the simulated linear chloride 






















Figure 9-1 (A) Simulated intrinsic diffusion coefficients, and (B) simulated and 
measured porosity  
The properties obtained using the neural network were used to feed the Coventry 
model in order to obtain the corresponding simulated transient current and mid point 
membrane potential. Figure 9.2 shows the evolution of the measured and simulated 
membrane potential. Figure 9.3 shows the current profile of the simulated and 
measured electrical current. An additional simulated profile included in this figure 
shows the results obtained when the model is run without the voltage correction (and 
taking no account of the effect of the membrane potential). 
 
 
Figure 9-2 Measured experimentally and simulated mid-point membrane potential  
The average compressive strength measured was 48.6 MPa.     
 
A B 




Figure 9-3 Evolution of the measured and simulated electrical current during the test 
The temperature measured during the test was compared with the simulated 
temperature obtained when running the voltage control model with the transport 
properties optimized. The room temperature used was 295°K and the heat loss factor 
was 0.30 J/°K.  (The latter was established from a calibration carried out at the initial 
stage of the research). As was expected, the simulated and measured temperatures 
are in very good agreement. The evolution of the temperature is a function of the 
evolution of the charge, and it was shown in figure 9.3 that the simulated and 
measured currents are similar.  
 
 
Figure 9-4 Evolution of the measured and simulated temperature during the voltage 
control test 
9.4 SIMULATING VOLTAGE CONTROL 
In this section, using the optimized transport properties, the voltage control model 
was run and its principal outcomes are presented and discussed. Table 9.3 shows 
the input parameters used in order to set up the ASTM C1202 test computationally.  
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   Intrinsic Concentration [mol/m3]           
 (in liquid) Capacity 
factor  Valence Diffusion 
 Z D m2/s negative in sample positive 
hydroxyl -1 7.877E-11 0 239.973 300 0.171 
chloride -1 1.904E-10 530 0.00E+00 0 0.383 
sodium 1 2.061E-11 530 7.92E+01 300 0.171 
potassium 1 4.099E-12 0 1.61E+02 0 0.171 
       
No of cells: 100  Sample length [m] 0.05  
Voltage correction? YES  Sample radius [m] 0.05  
Time step [s]: 2  Room temperature  [K] 295  
Run time [hours]: 6  Cell volumes [m3]: 2.00E-04  
Porosity: 0.171  Heat loss factor [J/K]: 0.30  
Applied voltage [V]: 60      
 
Table 9-3 Input Parameters used - voltage control model 
9.4.1 Effect of the numerical process 
The numerical formulation of the Coventry model used to solve the diffusion and 
migration terms, of the Nernst-Planck equation presented in tables 5.4 and 5.6, 
corresponds to a finite differences scheme. Although this gives a good approximation 
of the solution of the physical phenomenon, it is numerically affected by the size of 
the steps of time and position. If the time and position steps tend to zero, the model 
prediction is more similar to the real solution. However, an excessive decrease in the 
time and length steps generates significant increases in the execution times. In order 
to verify the influence of the size of these steps in the results, a sensitivity analysis as 
a function of the total charge passed was performed. 
 
The influence of the number of cells on the total charge is shown in figure 9.5-A. For 
the mortar sample simulated under conditions similar to the ASTM test there was an 
important effect on the charge when the number of cells was less than 100. By 
contrast, there were relatively small differences in charge, when more than 100 cells 
were used. According to this result, equation 9.1 can be used to define the 
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Figure 9.5-B shows the influence of the time step on the total charge passed. For a 
time step equal to 2 s, a difference of 0.2% on the charge, respect to the charge 
calculated with 0.5 s was obtained. According to figure 9.5, the steps presented in 
table 9.2 are sufficient to keep the numerical error within acceptable limits. 
 
 
Figure 9-5 Influence of the number of cells and the time step on the total charge 
passed  
9.4.2 Membrane potential and current evolution 
The simulated membrane potential for the mortar mix is shown in figure 9.6 as a 
colour contour map. A similar profile was obtained in chapter 7 for tests and materials 
of similar characteristics. In the same way as mentioned earlier, the membrane 
potential is non-linear in time and position, allowing the sample to maintain its charge 
neutrality throughout the experiment and at all points within the sample. If the model 
is run without the voltage correction, (i.e. no charge neutrality), the membrane 




Figure 9-6 Simulated membrane potential [V] for the mortar mix  
A B 
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Figure 9.7 and 9.8 shows the ionic current for anion and cations included in the 
simulation. Although the total current at any point within the sample is constant for a 
specific time, the currents passed by individual ions do not follow this rule and are 
typically non-zero. From the figure it can be observed that the hydroxide and chloride 
ions are responsible for most of the total current passed. At the beginning of the test 
hydroxyl ions predominate; however, a couple of hours later, chlorides, which are 
now penetrating massively into the sample, have begun to control the current being 
passed. By the end of the test, the chloride ions were responsible for about 80% of 
the total current.  
 
The role of cations is less important than that of anions; however, they are essential 
for establishing the necessary conditions of neutrality within the system. Although 
chloride and hydroxide are much more mobile species, without sodium and 
potassium the neutrality condition would never be successfully achieved. 
 
 
Figure 9-7 Ionic current during the ASTM C1202 test: chloride and hydroxyl ions 
 
 
Figure 9-8 Ionic current during the ASTM C1202 test: potassium and sodium 
The transport number was defined in equation 5.24 as the ratio of the current passed 
by any ion to the total current passed by all the ions. Figure 9.9 shows in bars chart 
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the simulated current passed for each ion and the total current for three different 
times. Figure A shows the condition where no voltage correction is taken into account 
in the model, and figure B shows the results using the voltage correction presented in 
section 5.7.3. From the figures it can be observed that the transport number is non-
linear in both time and position; however, if a steady state condition is reached during 


















Figure 9-9 Ionic current in a ASTM C1202 test (A) no voltage correction (no ionic 
interaction) (B) voltage correction (ionic interaction) 
9.4.3 Ionic concentrations 
For the mortar sample simulated, the ionic concentrations of OH-, Cl-, Na+ and K+ are 
shown in figure 9.10 as colour contour maps. At the beginning of the test, chlorides 
were present only in the cathode external reservoir; however, as the test progressed, 
chlorides penetrated the specimen and reached the other external cell (anode). 
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From the results of concentrations it can be seen that prior to the start of the test, the 
hydroxyls ions were uniformly distributed in the pore solution and in the anode 
external cell. However, as is clear from figure 9.11, the concentration of those ions 
increase in the cathode while decreasing in the anode.  
 
This behaviour is considered realistic because in an actual test the hydroxyl ions will 
migrate towards the anode where they are oxidized, releasing electrons. 
Simultaneously, at the cathode, hydroxyl ions and oxygen are released from water 
molecules, as a result of electrolysis. The results in figure 9.11 accord well with the 
findings of Prince, Perami and Espagne (1999).  
 
The balance equations for anode and cathode are:  
 
Cathode: 2H2O + 4e-  H2 + 2OH-  (6.3) 
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In modelling the migration process, due to charge neutrality requirements, hydroxyl 
ions that are generated at the cathode are transported through the concrete to the 



































Figure 9-11 Simulated concentration of OH
-
 in the external reservoirs during a voltage 
control migration test 
9.4.4 Influence of different parameters on the charge in a ASTM C1202 test 
In this section, the influence of a number of both material and experimental 
parameters upon the total charge obtained during a standard RCPT test is 
presented. The relationships between the parameters being evaluated and the 
charge were simulated using the input data tabulated in table 9.3 above. Figure 9.12 
shows the simulated relationships. 
 
material-related parameters: 
the effect of the intrinsic chloride diffusion coefficient, 
the OH- initial concentration of the pore solution, 
the binding capacity factor, 
the capillary porosity. 
 
experiment related parameters: 
the length and diameter of the specimen, 
the volume and chloride concentration of the external reservoirs cells, 
the external voltage applied.  









0 2E-10 4E-10 6E-10 8E-10



















































































0 200 400 600 800 1000










Figure 9-12 Effect of the sample and materials properties on the charge passing during 
a standard ASTM C-1202 test 
As was expected, the material parameter that most affects the charge passed in an 
RCPT test is the chloride diffusion coefficient. However, the hydroxyl concentration is 
also highly relevant, particularly since the mineral admixtures that are typically used, 
(especially silica fume, fly ash, and GGBS), all have a significant effect upon the pore 
solution. In chapter 12 of this thesis, the effect of the pore solution on the reliability of 
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the charge passed as a measure of chloride transport in mixtures containing GGBS 
is presented. With respect to the parameters used in setting up an experiment, the 
geometry of the sample is extremely important, and significantly affects the charge as 
well as the external voltage. However, it is possible to standardize all the external 
conditions.  
9.4.5 Nordtest method NT- 492 
The migration Nordtest NT492 has been used extensively to find the non-steady-
state migration coefficient. It uses the mathematical solution for the Nernst-Planck 
equation for a chloride mono-ion system assuming a semi-infinite homogeneous 
































),(   (9.2) 
 
where c(x,t) is the concentration of chloride after a time t  at a distance x form the 
surface of the sample, ercf is the complement of the error function erf, cs is the 
steady chloride concentration at the surface, and a is a constant related with the 





=  (9.3) 
 
Under special conditions, the numerical results obtained from the Coventry model are 
similar to those found using equation 9.2. Those conditions refer to the following 
assumptions. 
 
• There is no ion interaction between different species (No voltage correction: 
no membrane potential is generated). 
• There is no binding of any species (Capacity factor (α)/porosity (ε) =1). 
• There is no depletion of the chloride concentration in the cathode during the 
test. 
• There is no pore solution in the sample. 
 
In order to illustrate the theoretical concentration profiles of equation 9.2, the 
Coventry model was run using the inputs shown in table 9.4. The numerical values 
were established according the suggestions of the standard and the physical 
conditions stated above. Figure 9.13 shows the calculated chloride profiles for 
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different times, which behave in a similar way to that described by Luping and 
Nilsson (1992). Under the influence of an electrical field, chlorides move by migration 
at a constant speed and therefore induce a front of penetration. The steady state is 
reached when the chloride concentration inside the sample do not change.  
 
   Intrinsic Concentration [mol/m3]           
Capacity 
factor 
 Valence Diffusion  (in liquid) 
 z D m2/s negative in sample positive 
Chloride -1 1.90 x10-10 1900 0.00E+00 0 1 
      
No of cells: 500  Sample length [m] 0.05 
Voltage correction? NO  Sample radius [m] 0.05 
Time step [s]: 1  Room temp [K] 295 
Run time [hours]: 8  Cell volumes [m3]: 1 
Porosity: 1  Heat loss fact [J/K]: 0.3 
Applied voltage [V]: 8     
 
Table 9-4 Input data simulation Nordtest NT-492 (mono-ion system) 
 
Figure 9-13 Theoretical concentration profiles for different times [hours] (obtained from 
the Coventry model with no voltage corrections) 
In order to compare the theoretical chloride profiles from equation (9.2) with the 
profiles simulated by the Coventry model (including ionic interaction, chloride binding, 
and the real volume reservoirs) a new simulation was carried out. The input data is 
shown in table 9.5, including the diffusion coefficients and the initial concentration of 
the species incorporated. Results of the model are shown in figure 9.14, which shows 
the evolution of chlorides for different times. 
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Using the concentration profiles obtained from the “virtual” migration test shown in 
figure 9.14, the non-steady state migration coefficient was determined (Dnssm) 
following the procedure suggested by the NT492. (The approximate equations given 
by the standard to obtain the coefficient were already presented in section 5.5.1.2). 
The chloride profile at 6.4 hours had a penetration of 9.3 mm when the concentration 
was 70 mol/m3.  That specific concentration was used because it is the concentration 
of free chlorides in the boundary when the colorimetric method is used. 
  
   Intrinsic Concentration [mol/m3]           
 (in liquid) Capacity 
factor  Valence Diffusion 
 Z D m2/s negative in sample positive 
hydroxyl -1 7.877E-11 0 239.973 300 0.171 
chloride -1 1.904E-10 1900 0.00E+00 0 0.383 
sodium 1 2.061E-11 1900 7.92E+01 300 0.171 
potassium 1 4.099E-12 0 1.61E+02 0 0.171 
       
No of cells: 500  Sample length [m] 0.05  
Voltage correction? YES  Sample radius [m] 0.05  
Time step [s]: 1  Room temperature  [K] 295  
Run time [hours]: 8  Cell volumes [m3]: 0.03  
Porosity: 0.171  Heat loss factor [J/K]: 0.30  
Applied voltage [V]: 8      
Table 9-5 Input data to simulate the Nordtest NT-492 (including ionic interaction) 
 
Figure 9-14 Coventry model concentration profiles for different times [hours] 
The chloride diffusion coefficient (Dnssm) obtained from the concentration profile at 6.4 
hours of figure 9.14, according to the standard, was 5.23x10-11 m2/s. This diffusion 
coefficient, which acts as a proportional parameter in equation 9.2, forces the profile 
to have an approximate concentration of free chlorides of 70 mol/m3 at 9.3 mm. 
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Figure 9.15 shows the chloride evolution at 6.4 hours when the NT-493 migration test 
is simulated using three different approaches. 
 
(1) The analytical equation 9.2, which assumes a mono-ion system (only 
chlorides) without binding. For this, the chloride diffusion coefficient used was 
the value obtained from the neural network model: D=1.9x10-10 m2/s. 
(2) The voltage control model presented in section 5.7. This includes ionic 
interaction and binding. For this were used all the transport properties 
optimized in section 9.3. 
(3) The analytical equation 9.2, which assumes a mono-ion system (only 
chlorides) without binding. For this, the chloride diffusion coefficient used was 




Figure 9-15 Results of chloride concentration profiles in a NT-493 test at 6.4 hours 
using different approaches 
Although approaches (2) and (3) had the same value of concentration (70 mol/m3) for 
a penetration of 9.3 mm, the profiles were very different. From figure 9.15 it can be 
seen that although in the Nordtest the diffusion coefficients were found from a known 
value of penetration and concentration, the profile obtained is very different to that 
calculated using ionic interaction and binding. The penetration fronts described by 
Luping and Nilsson (1992) were obtained, using in their model, a single ion condition; 
in reality, of course, the situation is much more complex. Indeed, when the Nernst-
Planck equation, adapted to account for ionic interactions, is used, the penetration 
front does not behave in the way reported by Luping and Nilsson (1992).  
Concentration: 70 mol/m3 
Penetration: 9.3 mm 
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9.4.6 “Apparent” good chloride resistance due to the pore solution   
As was mentioned before, the ASTM C1202 test has been criticized due to the 
possibility of obtaining low charge results reflecting low penetrability when in fact 
concrete could in reality have high chloride penetrability. That situation could occur in 
samples with a high chloride diffusion coefficient but with a depleted pore solution 
hydroxyl ion concentration like in some kind of pozzolans which deplete that hydroxyl 
ion concentration. Also in a number of different concrete admixtures including 
calcium nitrite, calcium nitrate, calcium chloride and sodium thiocyanate which affect 
the current measured but do not adversely affect the durability. In order to illustrate 
this situation, figure 9.16 shows the electrical current for a concrete sample simulated 
under different inputs.  
 
 
Figure 9-16 Current evolution of different samples using different OH
-
 concentration 
and chloride diffusion coefficient 
In the figure, Sample (1) corresponds to the mortar cast, using as inputs the 
optimized properties shown in table 9.3. Sample (2) uses similar values to that of 
sample (1), with the exception of the hydroxide ion concentration of pore solution, 
which was decreased from 240 mol/m3 to 60 mol/m3. Sample (3) uses similar 
properties to that of Sample (1), but here the hydroxyl ion concentration of pore 
solution was 60 mol/m3, and the intrinsic diffusion coefficients of chloride and 
hydroxyl were increased by a factor of 4 approximately.  
 
Although the total charge for samples (1) and (3) is very similar, the chloride 
diffusivity is very different. In that way, the applicability of the RCPT test and the 
resistivity as tools to evaluate the chloride penetrability for slag mixes is investigated 
and discussed in detail in chapter 12.  
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9.5 CURRENT CONTROL (non-zero current) 
In this section the theoretical and experimental aspects of a migration test under a 
current control condition are presented. First, the basic elements of the model 
proposed are summarised: the computational diagram flow of the model is shown, 
emphasizing on the changes respect to the voltage control condition. Second, 
experimental results of voltage are compared with numerical results; and finally, the 
chloride and voltage evolution in the sample is simulated and discussed.  
9.5.1 Current Control Model (non-zero current) 
Under a current control condition a concrete sample is subjected to a steady known 
electrical current. The current density must be constant in time and position during 
the test. In consequence, the corresponding external voltage applied to the sample 
does not remain constant over time. This situation makes for some slight 
modifications to the computer code, as shown in section 5.7 for the Coventry voltage 
control model.  
 
Although the external electrical field in the current control is not an input, it can be 
calculated numerically. At the beginning of the test an approximate voltage is 
approximated according to the Nernst-Einstein equation, the resitivity, and Ohm’s 
Law: 
 


































; Ohm’s Law    appRIV =  
 
Table 9-6 Equations used to find the Initial voltage in the current control model 
Using the initial estimated voltage, the model calculates the diffusion and migration 
fluxes and avoids the excess of charge in the same fashion as the voltage control 
model. However, a new routine has been introduced in order to check whether the 
total current passed through the sample (Itotal) is similar to the external current applied 
(Iapp). If this condition is not met in full, the external voltage is rectified and the 
diffusion and migration fluxes are recalculated iteratively until this condition is 
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satisfied. Once the above condition is met, a next time step is adopted. Figure 9.17 
shows a detail of the routine. 
 










                              )(ErrorVVV ii
new
i +=  
 
Figure 9-17 Current control routine to check and correct the voltage applied in each 
time 
Figure 9.18 shows the flow chart of the model, highlighting the modifications with 
respect to the voltage control condition. 
 
Figure 9-18 Flow diagram for the current control model 
Yes 
No 
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9.5.2 Results and discussion of current control (non-zero current) 
For the voltage control condition the membrane potential was calculated according to 
equation 7.1, as the difference between the total voltage measured and the voltage 
applied. As for that condition the external voltage applied is constant, the excess in 
voltage measured experimentally was attributed to the ionic contribution. Likewise, 
for the current control condition the total voltage measured is composed of a 
corresponding external voltage and an internal membrane potential. Unfortunately, 
as this external voltage is transient in time, it is not possible calculate the membrane 
potential using equation 7.1. So, the results for this experiment are shown as total 
voltage measured and not as membrane potential.  
 
The experimental and simulated difference of potential through the whole complete 
sample, and between the cathode and the centre of the specimen (mid point) are 
shown in figure 9.19. The single test run under a steady current of 50 mV is shown in 
figure A. Figure B shows the results for the sample run under 100 mA. As three 
replicates were run experimentally for this last current, the variability of the 
experiments is given as error bars with amplitude equal to the standard deviation. 
From the figure can be seen that the simulations are in very good agreement with the 
experiments. The higher error found in the mid-point can mainly be attributed to the 
effect of the position of the hole drilled to insert the salt bridge.  
 
 
Figure 9-19 Evolution of the voltage between the whole sample (electrodes) and 
between the mid point and the cathode during a current control test 








Figure 9-20 Measured and simulated evolution of the temperature during the current 
control experiments 
The simulated voltage generated at different times, under a constant 100 mA, is 
shown in figure 9.21. At the beginning of the test, the voltage evolution was linear 
through the sample; however, voltage deviations were necessary to keep the total 
current constant. Simulations of ionic current for each ion included in this simulation 
showed a similar behaviour to that obtained in figure 9.7, Chloride and hydroxyl ions 
are responsible for the majority of the current carried, while sodium and potassium 
together carry only a minor amount of the overall current. 
 
 
Figure 9-21 Simulated voltage adjustments at different times (100 mA) during the 
current control condition 
The free chloride concentration profile for the 100 mA current control test simulated 
at different times is shown in figure 9.22. This test is regarded as in a non-steady 
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condition, the source reservoir is depleting over time and the chloride ions are just 
beginning to reach the anode reservoir.  
 
Figure 9-22 Simulated chloride profile at different times (100 mA) during the current 
control condition 
9.6 PRELIMINARY MODELLING TO PROPOSED FUTURE WORK 
As was mentioned earlier, one of the main criticisms of the ASTM test is the high 
temperature obtained, so new alternative tests are being proposed worldwide to 
decrease the impact of heating upon the chloride penetration results. The main 
response of ASTM to these problems has been the development of the “5 minute 
test”. This is the same RCPT test but run for a greatly reduced time, giving a rapid 
indication of concrete quality. 
 
Another key problem of the standard RCPT test is that it measures the electrical 
conductivity. At the beginning of the test, the main electrical contributors are hydroxyl 
ions; so, a mix may be formulated with low conductivity (e.g. by using pozzolans to 
depleted the hydroxyl ion concentrations) to pass the test while having relatively poor 
durability (section 9.4.6). Also a number of different concrete admixtures including: 
calcium nitrite, calcium nitrate, calcium chloride and sodium thiocyanate will increase 
the measured current but do not adversely affect the durability.  
 
Simulations and experimental results of voltage and current control migration tests 
were already presented in sections 9.4 and 9.5. In order to contribute to the 
understanding of additional testing possibilities, this section reports briefly on some 
preliminary modelling that has been carried out using other modifications to the 
Coventry University model. The computer code has been adjusted to address certain 
specific electrical conditions; in particular, the numerical results of some “virtual” 
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migration tests controlled by power and changing voltage conditions are presented. 
Simulations were conducted in order to ascertain the response of voltage, current, 
power, and temperature. However, no experimental work has been carried out to 
substantiate any of these results. The main objective then of these simulations of the 
different migration tests controlled under different parameters (current, variable 
voltage and power) has been to provide a preliminary assessment of the feasibility of 
modelling tests. It is expected that the results might serve as basis for conducting 
new researches. 
9.6.1 Power control model 
Power is defined as the amount of energy used during a test across a specific unit of 
time. This is influenced by the external conditions of the experiment (external 
voltage) and also by the internal characteristics of the concrete sample (its 
resistivity). The condition of power control is reached when a specimen of concrete is 
subjected to a constant power by varying the driven voltage. Nowadays, DC power 
supplies can be voltage, current, or power controlled; this new electrical condition 
then is not a difficult one to set up.  
 
The computer model for power control was developed in the same way as for the 
current control model. However the main condition to be achieved in this instance 
was constant power. At the beginning of the test an approximate voltage is calculated 
according to Nernst-Einstein equation, the resitivity, and equation 9.4, which relates 








txVoltagetCurrenttPower ==  (9.4) 
 
As in the current control model, using this estimated initial voltage, the model then 
calculates the diffusion and migration fluxes and avoids any charge surplus; here, 
however, the constant power condition is guaranteed using the routine shown in 
figure 9.23. The power generated (Pgen, calculated by equation 9.4) is compared with 
the power desired (Papp), and if the difference is higher than a specific limit (0.1%) the 
external voltage is adjusted and the diffusion and migration fluxes are recalculated 
iteratively until this condition is fulfilled. Once the above condition is met, a new time 
step is started.  
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Figure 9-23 Power control routine to correct the voltage 
9.6.2 Transient voltage control model 
The transient voltage control consists of a migration test in which the external voltage 
is not constant over time. It changes linearly as can be seen in figure 9.24 and 
requires as inputs an initial voltage (V0), the final voltage (Vf) and the duration of the 
test (tf). Basically, the computational model is the same routine as for the voltage 
control model; however, a new condition was introduced in order to set the actual 







−+=   (9.5) 
.  
Figure 9-24 Transient external voltages 
9.6.3 Response of migration tests under different conditions 
In figures 9.25 to 9.28 are shown the electrical response of the electrical conditions 
developed in this research. The simulations were carried out for the material 
optimized in section 9.3 and conditioned as is advised by the standard ASTM C1202. 
Figure 9.25 shows the current, power and temperature simulated from a voltage 
Yes 
No 
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control test under different applied external voltages. Figure 9.26 shows the external 
voltage generated, the power and the temperature simulated in current control tests 
under different applied external currents. Figure 9.27 shows the external voltage, the 
current and the temperature generated when the test is run under different power 
settings. Figure 9.28 shows the current, the power and the temperature generated in 
a variable voltage migration test under different external input voltages.  
 
  
Figure 9-25 Evolution of different parameters for the voltage control condition 
 
Figure 9-26 Evolution of different parameters for the current control condition 
   
Figure 9-27 Evolution of different parameters for the power control condition 




Figure 9-28 Evolution of different parameters for the transient voltage control condition 
The Ohmic heating is a significant problem in the standard ASTM test because “low 
quality” samples can overheat if run at 60 Volts. The theoretical evaluation of the 
temperature in a migration test was introduced in section 5.7.4, where it was 























where TDis is the part of the temperature dissipated. From equation 5.37 it can be 
seen that if a constant power is used as input, all the samples will reach the same 
temperature. If it is assumed that the heat capacity (Cth) and the heat loss factor 
(FHL) are constant for all types of concrete, the temperature developed for any mix 
will be a function of the test conditions and not of the concrete quality. A test of this 
nature would be perfectly practical for commercial work; indeed most new electronic 
power supplies have serial ports which enable voltage-change sequences to be 
applied.  
 
Figure 9.29 shows the numerical results of the simulation of 5 different samples 
under conditions of power control (6 watts). Sample variation was achieved using 
different transport properties (Cl diffusion coefficients and pore solution). As was 
expected, in all the samples the same value of temperature was obtained, although 
the total current passed and voltage were transient in time. 
 




Figure 9-29 Relationship temperature vs. initial current for different samples (different 
Cl diffusion coefficients and pore solution) under simulations of the power control 
condition 
9.7 CURRENT CONTROL (zero current) 
In this section the theoretical and experimental aspects of the current control (zero 
current) condition are presented.  
9.7.1 Current Control Model (zero current) 
Under this condition a concrete sample is subjected to a constant current, which in 
this particular case has a value of zero. Although the computational routine 
developed in section 9.5 for the current control model (non-zero current) is the basis 
of this model, some slight changes were introduced. During a test of this nature, no 
external voltage or current is applied; this being the case, the driving forces to 
produce ionic flux are therefore only the gradients of concentration and the 
membrane potential generated due to ionic interaction. The principal requirement of 
the model is to ensure that the total current density is equal to zero for each time and 
position. 
 
In the model, the initial membrane potential is approximated to zero in order to 
calculate the initial flux, using only the concentration term of the Nernst-Planck 
equation (Fick’s Law). Then, the charge neutrality is maintained in the same way as 
explained in section 5.7.3, and an additional “zero current” routine was included.  In 
this, the current calculated due to the flux is limited to 1x10-8 A. If this condition is not 
met in full, the membrane potential is adjusted and the diffusion and migration fluxes 
are recalculated iteratively until this condition is fulfilled. Once that condition is 
achieved, the routine moves on to a subsequent time step.  
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As outputs of the model, the transient current and concentration of each ion, the 
membrane potential and the temperature of the system sample-cells can be 
calculated. 
9.7.2 Results and discussion of current control (zero current)  
Using the transport related properties of the optimized mortar (section 9.3), the 
diffusion current control test was simulated. Figure 9.30 shows the voltage 
membrane potential results across the entire sample obtained from the experiments 
and from the numerical models. For all the experiments carried out the profile of the 
membrane potential was similar. First, an initial negative voltage (between -30 and -
40 mV) gradually was reduced until a specific point, where the voltage started to 
increase. After around a week, the profile of membrane potential tended to become 
steady. A very similar behaviour was already reported by Zhang and Buenfeld 
(1997), although the numerical values reported in that reference are different 
because of the differences between the materials used.  
 
The simulated membrane potential results between both external electrodes shown 
in figure 9.30 were obtained from two approaches: a) the voltage control model 
presented in section 5.7 using as input an external voltage equal to zero (VC), and b) 
the current control model developed in section 9.7.1 using the condition of zero 
current (CC). 
 
In the voltage control model, the membrane potential across the sample for any time 
was equal to zero (between anode and cathode). This was expected because that 
was the condition stated by the model. In contrast, the current control model showed 
values of membrane potential across the sample that were different to zero for any 
time. They were of the same order of magnitude as those from the experiments, and 
were in very good agreement with them. The large differences found in the initial 
value of membrane potential for the simulated CC model was due to the numerical 
procedure to calculate this; basically, whereas in the model the calculation of the 
voltage is adjusted iteratively, at the start of the test the error has not yet been 
corrected by the model.  
 
The evolution of the membrane potential for any point with respect to the cathode in 
any time is shown in figure 9.31-A, when the voltage control model was used, and in 
figure 9.31-B when the current control model was used. Values of membrane 
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potential at the start of the simulations were excluded from the figures for the reasons 
stated above. Significant differences were observed in the evolution of the membrane 
potential according to whether the phenomenon was simulated using voltage control, 
or current control models. It is believed that the condition of current control is 
physically much closer to reality 
 
 
Figure 9-30 Evolution of the membrane potential across the whole sample  
 
 
Figure 9-31 Membrane potential simulated (respect to the cathode) A: voltage control 
model; B: current control model  
B : CC 
A : VC 
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As was expected, using the current control model the current simulated at different 
positions at the end of the test (12 days) was always equal to zero. In contrast, for 
the voltage control model, a small total current was developed (0.0007 A). It is 
important to notice that in both models the charge neutrality condition was fulfilled. 
The simulated chloride profile for the voltage and current control conditions at 12 
days is shown in figure 9.32. Although the membrane potential and the current 
obtained from both models were different, no important differences were found 
between the concentration chloride profiles - the concentration for both models at 
that specific time was very similar. 
 
It was stated by Zhang and Buenfeld (1997) that the membrane potential has a 
strong effect on the ionic chloride diffusion in a diffusion cell similar to the one 
simulated in this research. Certainly the ionic flux is function of the membrane 
potential according to the Nernst-Planck equation; however, the membrane potential 
is the result of the ionic interactions due to a physical current condition – that of 
charge neutrality. It is believed that the behaviour of the current is the key factor 
during diffusion, and that the membrane potential is purely an effect, as might be the 
ionic concentration and the temperature.  
 
 
Figure 9-32 Simulated chloride concentration profiles after 12 days; VC: voltage control 
model; CC: current control model  
The similarities of the chloride concentration results for both models can be explained 
by the fact that the current developed by the sample in a voltage control model is too 
low to produce any significant differences in the concentration.  However, the current 
control model represents a much more accurate and realistic conceptual model. 
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9.8 SELF DIFFUSION – “IMMERSION” TESTS 
9.8.1 Measured and simulated total chloride profile 
In this section, the total chloride concentrations at different depths measured after the 
self diffusion tests were used to obtain the apparent diffusion coefficient Dapp-Fick. This 
coefficient was already defined in section 5.3.2 according to the complementary error 
function solution of the Fick’s Second Law. Using the measured concentrations of 
total chloride, expressed as mol per cubic meter of concrete volume, the chloride 
concentration at the surface Cs-Fick and Dapp-Fick were found by iteration to produce the 
best fit by least squares. In the same way, using the optimized transport properties 
obtained with the neural network algorithm and the corresponding geometrical and 
external conditions of the self diffusion test, the chloride concentration profile at 
different distances was simulated from the external NaCl. For this, the current control 
computer model was used. 
 
Table 9.7 shows the values of Dapp-Fick and Cs-Fick calculated adjusting the 
experimental data to the error function, and the simulated Cs and Dapp obtained from 
the numerical model. The relationships between the total and free chloride 
concentrations and the intrinsic and apparent coefficients were defined previously by 
equations 5.31 and 5.32 respectively. 
 
 Dapp [m
2/s] Cs  [mol/m
3] 
Measured experimental (Fick) 1.25x10-11 530 
Optimized numerically (model) 8.50 x10-11 459 
 
Table 9-7 Apparent diffusion coefficient Dapp and chloride surface concentration Cs 
[Total chloride per concrete volume] 
Figure 9.33 shows the experimental chloride concentration data for both 
experimental samples tested (S1 and S2), the best profile obtained fitting the error 
function to the experimental data, and the result of the current control model using 
the optimized data. In the figure the chloride concentration refers to the total chloride 
concentration (free + adsorbed ions) per cubic meter of the whole sample.  
 




Figure 9-33 Total chloride concentration profiles [mol per unit volume of solid] using 
the error function to adjust the experimental data and the current control model 
9.8.2 Chloride concentration profile in a binary system 
If in a concrete sample in contact with a solution of sodium chloride it is assumed that 
there are no binding reactions and there is no ionic pore solution, the effect of the 
membrane potential on the free chloride and sodium concentration, (expressed as 
mol per cubic meter of pore solution), is shown in figure 9.34. In this, two different 
situations are displayed:  
 
a) When the flux is simulated taking no membrane potential into account, the profile 
was different for both ions. Chlorides showed a bigger profile because its diffusion 
coefficient is bigger. It was expected that chloride ions move more quickly than 
sodium ions. 
 
b) When the membrane potential is accounted for in the model, both ions move at the 
same velocity and the profile is similar, so, the profiles overlap each other. The 
interactions between chloride and sodium result in an electrical field (membrane 
potential), which moderates the speed of the ions, always maintaining charge 
neutrality. For a normal concrete, which includes more ions in the pore solution and 
binding capabilities, the effect of the membrane potential is far more complex. 
 




Figure 9-34 Chloride concentration profiles in real and ideal binary systems 
9.8.3 Measured and simulated chloride concentration profiles  
With the aim of studying the chloride concentration profile at different distances from 
the external NaCl, the gravity chloride diffusion test (section 6.8) was simulated using 
different approaches. The time selected to show the evolution of the concentration 
was 72 days because this was the duration of the self diffusion experiments and 
measured profiles were available for that time. As acid soluble analysis was used to 
determine the total chloride concentration of ions per unit volume of concrete, the 
coefficient obtained was “apparent” Dapp-Fick. However, as the computer model gives 
results in terms of the concentration of free ions per unit volume of liquid in the pores, 
it was necessary to convert Dapp-Fick to the corresponding intrinsic coefficient Dint-Fick. 
For this, equation 5.32 was used assuming that the porosity and the capacity factor 
of the material were 0.171 and 0.383 respectively. The resulting Dint-Fick was 
2.81.25x10-11 m2/s. 
 
Figure 9.35 shows the profile when the phenomenon was simulated using 
approaches directly related to Fick’s law. 
 
(1) The Analytical equation 9.2, which without an external applied voltage 
becomes equation 5.11 (Fick’s law). The intrinsic chloride diffusion coefficient 
calculated from the experiments, Dint-Fick =2.81x10
-11 m2/s was used. 
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(2) The Coventry model under a condition of external voltage equal to zero, with 
no voltage correction or binding capacity. Only chlorides were included in the 
system so there was no pore solution. The intrinsic chloride diffusion 
coefficient calculated from the experiments, Dint-Fick =2.81x10
-11 m2/s was 
used. 
 
(3) The Coventry model under a condition of external voltage equal to zero, with 
no voltage correction, but including a binding capacity factor (α) of 0.383. No 
pore solution was included in the modelling. The intrinsic chloride diffusion 
coefficient used was Dint-Fick =2.81x10
-11 m2/s. 
 
(4) The current control model using all the transport related properties optimized. 
 
(5) The Coventry model under a condition of external voltage equal to zero, no 
voltage correction, and no pore solution. The intrinsic chloride diffusion 




Figure 9-35 Free chloride concentration profiles [mol per unit volume of liquid in pores] 
for different approaches 
Approaches (1) and (2), as was expected, had the same profile and overlap each 
other; the chloride concentration was the same for both conditions. This provides a 
check that, for a simplified condition, the computer simulation gave the correct 
solution. Approach (3) corresponds to the numerical solution of Fick’s Law including 
chloride binding properties. It shows the strong effect of this property upon the 
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chloride concentration. Approach (4) is the numerical model developed in this 
research using all the optimized transport properties. The result was in good 
agreement with approaches (1) and (2), demonstrating the reliability of the 
optimization method. Approach (5) is the numerical solution of Fick’s Law using the 
chloride diffusion coefficient optimized.  
 
Most of the chloride profiles plotted in figure 9.35 do not include membrane potential 
and binding. Chloride profiles from approaches including ionic interaction (membrane 
potential) are shown separately in figure 9.36. (There is no technical reason for 
presenting two graphs; for clarity it was decided to present the results in two graphs 
because of the large amount of data.)  
 
 
Figure 9-36 Free chloride concentration profiles [mol per unit volume of liquid in pores] 
for different approaches 
From the figure can be seen that the voltage and current control models gave a 
similar trend. The concentration at short distances from the external solution for both 
models was in very good agreement; however, the difference between the models 
increases with distance. As was mentioned in section 9.7.2, the chloride 
concentration in a diffusion test simulated by the voltage and current models is 
similar and for practical purposes the concentration of chloride can be considered the 
same. However, the physical description of the current model is the most 
appropriate. 
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The effect of the pore solution is also shown in figure 9.36. When the pore solution 
was included in the simulation, the concentration of chlorides was increased due to 
the effects of the interaction between the ionic species. In that figure, the simulation 
of the test can also be seen without accounting for the chloride binding capacity of 
the material. Important differences in the concentration profiles were found due to the 
binding, it produces an important effect that must not be neglected. 
 
Figure 9.37 shows the chloride concentration profile simulated for the experiment at 
different times.  
 
 
Figure 9-37 Simulated free chloride concentration profiles at different times using the 
current control model 
9.8.4 Current evolution 
From Faraday’s Law and equations 5.3, 9.2 and 9.3, the total current for a chloride 






































Using various approaches the total current, developed during the diffusion test, was 
simulated. Results for current control, voltage control and the theoretical model 
described in equation 9.6 were compared in figure 9.38. The time selected to show 
the evolution of the current was 72 days.  The approaches used to simulate the total 
current were as follows. 
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(1) The electro-diffusion current control model. As was expected, the total current 
was equal to zero at any point of the sample. The current density generated 
by each ion was annulled by the current density generated by the remaining 
ions. When any species diffused through the sample a charge surplus was 
avoided through the generation of a membrane potential. The author 
suggests that this simulation represents the best physical description of the 
behaviour of the sample. 
 
(2) The electro-diffusion voltage control model. The total current was constant 
across the whole sample. The value of current simulated was 0.1 mA. 
 
(3) The electro-diffusion model with no voltage correction. In this, in resolving of 
the Nernst-Planck equation there was no membrane potential generation. As 
a result, the Nernst-Planck equation was resolved using Fick’s First Law for 
each ion. The total current had a value of 0.5 mA near the surface. Further 
away from the surface the current decreases. The total current for any point 
was the result of the sum of the current driven for all ions, according to their 
charge and diffusion direction.  
 
(4) The theoretical equation 9. In this, it was supposed that the only specie 
involved was chloride. The total current profile obtained was similar to the 




Figure 9-38 Total current calculated at 72 days using different approaches  
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9.9 CONCLUSIONS  
39. The application of the Nernst-Planck equation to the simulation of diffusion or 
migration of any ionic species through a saturated porous medium using the 
non-linear voltage membrane potential include all the microscopic interactions 
in a macroscopic way. 
 
40. The straightforward application of Fick’s law to simulate chloride diffusion in 
concrete which has been used by many authors in the past can be 
significantly improved by using a numerical simulation which includes the 
effects of the other ions in the system. 
 
41. The diffusion coefficients obtained through the neural network model cannot 
be compared with others reported elsewhere unless they are obtained 
through the same hypothesis.  
 
42. The differences in the numerical values of the chloride diffusion coefficients 
obtained in this research and reported in the literature are explained in the 
theoretical assumptions adopted during their experimental determination. 
 













PART 3: TRANSPORT RELATED PROPERTIES IN SLAG CONCRETE 
 
In this third part of the dissertation the most important transport related properties of 
slag blended concretes were investigated experimentally and computationally. 
Several transport tests were carried out on the final mixes developed in the first part 
of the research and on mixes of Portland cement and ground blast furnace slag with 
different proportions. Additionally, on certain mixes, numerical simulations using the 
optimization model introduced in chapter 8 were carried out.  
 




10 “OTHER” EXPERIMENTAL METHODS  
This chapter deals with the theoretical aspects of some of the experimental methods 
used to measure the transport related properties of slag concrete mixes, in addition 
to the experimental procedures shown in chapter 6. 
 
10.1 INTRODUCTION 
Different experiments are included in this section. Firstly, the methods used to 
measure the rheology are presented. Secondly, the measurement techniques for 
carbonation, rate of water absorption, and water permeability are summarized. 
Finally, the principal aspects of corrosion measurements on steel in concrete are 
presented. As the chloride related experimental methods were already presented in 
the second part of this document, these will not be discussed here. 
10.2 WORKABILITY OF CONCRETE MIXES 
Workability is one of the most important properties of concrete, mortar, or paste 
mixes in fresh condition, and is closely related to both compressive strength and 
durability. The American Concrete Institute defines workability as ”the property of 
freshly mixed concrete or mortar that determines the ease with it can be mixed, 
placed, consolidated, and finished to a homogenous condition”. Because of the 
generality and ambiguity of this definition, for more than a century various techniques 
and tools for measuring the workability of concrete have been proposed. Today there 
are three main classes of measurement methods (Table 10.1). 
 




Table 10-1 Classes and methods of workability measurement (ACI-238 2008) 
Another classification of the tests and techniques for measuring workability is based 
on the concept of a rheological flow curve, which establishes the relationship 
between the shear stress and the rate of deformation of a fresh concrete mixture. 
Depending on whether a test yields one point or multiple points in this curve, this will 
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be known as simple or multipoint. The qualitative and quantitative empirical methods 
define a single point within the curve, while the quantitative fundamental tests draw a 
entire curve with their complete physical parameters. In the ACI 238 (2008) about 33 
different single point and about 19 multipoint tests are reported. 
 
Newton's law of viscosity ( γητ = ) states that, for a Newtonian fluid, the shear stress 
applied (τ) in one direction is directly proportional to the rate of deformation (γ ), and 
the constant of proportionality is equal to the viscosity (η). According to the ACI 238 
the fresh concrete behaves as a viscoplastic material. That means that when the 
shear values are smaller than a critical shear stress (τo) concrete behaves like a 
solid, but when that critical shear stress is exceeded the material flows like a viscous 
fluid. The shear stress is usually modelled by the Bingham equation ( γηττ += o ), 
which establishes a linear relationship similar to Newton’s Law, but, there is a critical 
shear stress known as yield stress (τ0). The Bingham plastic model can be classified 
as ideal or non-ideal, according to whether the viscosity is treated as a constant, or 


















Figure 10-1 Theoretical flow curves 
Technologically, the most advanced and reliable tools for measuring the rheological 
properties of a mixture are rotational rheometers; they apply a shear force to a fresh 
concrete sample by means of different levels of stress. By measuring the torque and 
the rotational speed, the physical properties such as yield stress (τ0) and viscosity (η) 
are determined. Nowadays 16 rotational rheometers are reported, all having different 
characteristics, but sharing the same essential purpose (ACI-238 2008). 
Newtonian flow  
Bingham plastic (non-ideal) 
Bingham plastic (ideal) 
Shear Rate(γ )  
Shear Stress (τ) 
 τ0 
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 With the aim of studying the flow properties of the slag concrete mixes developed in 
this research, the rotational rheometer proposed by the International Centre for 
Aggregates Research (ICAR) was used (Koehler 2004). This instrument is commonly 
used in the research and development of new blends and in quality control 
applications. The range of this equipment is from slumps of 7 cm to super fluid 
concrete. Figure 10.2 shows the instrument used. 
 
 
Figure 10-2 ICAR rheometer used in this research 
Another test used to measure the flow of the concrete mixes was the slump test. This 
was carried out according to part II of BS1881. 
 
 
Figure 10-3 Slump test equipment 
10.3 CARBONATION DEPTH 
Carbonation is the reaction of calcium-silicate-hydrates and calcium hydroxide with 
carbon dioxide to form calcium carbonate. It is a source of major concern in concrete 
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structures because it causes a reduction of the hydroxide concentration of the 
concrete pore solution to pH values smaller than 9. As the pH in the pore solution is 
reduced, the passive film of the reinforcement steel can become broken and 
corrosion may occur. In a reinforced concrete structure, a passive thin protective 
layer of γ-Fe2O3, with a thickness between 20 and 60 Å is formed on the surface of 
the reinforcing steel bars. The high alkaline environment around the steel supports 
the generation of this protective layer, which is dense and stable so long as the pH is 
greater than 11.5, but breaks down with carbonation (Hewlett 2004). 
 
Although the transport mechanism of carbonation is quite different from that which 
occurs with chlorides, both are intimately related. When coupled with chloride 
ingress, carbonation reduces the durability of concrete further, because it affects the 
relationship between the free and bound chlorides (the capacity factor), accelerating 
the deterioration process.  
 
The chemical changes in the composition of a concrete matrix due to carbonation are 
summarized by the following (Sulapha 2003): 
 
)(2)()( 22 aqOHaqCaOHCa
−+ +→   (10.1) 
OHCaCOCOaqOHaqCa 232
2 )(2)( +→++ −+  (10.2) 
OHSiOCaCOCOOHSiOCaO 223222 233323 ⋅⋅→+⋅⋅  (10.3) 
322222 333 CaCOOHSiOOHCOSiOCaO +⋅→++⋅ µµ  (10.4) 
322222 222 CaCOOHSiOOHCOSiOCaO +⋅→++⋅ µµ  (10.5) 
 
As the penetration of CO2 in concrete takes place through the pore system, the 
principal mechanism of transport is diffusion. In this, the concentration gradient of 
CO2 in the environment acts as the driving force. Although Fick’s First Law of 
diffusion can be used to model the carbonation depth, the Square Root Theory has 
been used successfully by Al-Khayat, Haque and Fattuhi (2002). In this, the 
carbonation depth xc is related to the exposure time t, through a carbonation 
coefficient kc. Although the coefficient kc does not have a clear physical meaning, it 
can be used to rank or compare concrete mixes diffusing under the same conditions 
of exposure. 
 
tkx cc =  (10.6) 
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The method of measuring carbonation depth was the phenolphthalein method 
recommended by RILEM-TC56 (1988). A solution of 1% phenolphthalein in 70% 
ethyl alcohol is sprayed to a freshly broken surface. In the non-carbonated part of the 
specimen a purple colour is obtained after a few minutes, signifying that the concrete 
still has a high alkalinity. In contrast, in the carbonated part there is no coloration. 
The depth of carbonation xc of a concrete cube sample is the average of 6 readings 





=  (10.7) 
 
 
Figure 10-4 Carbonation depth concrete sample  
It is important to note that this method only provides a qualitative indication of the 
presence of carbonation. No indication of the degree of carbonation or the real pH of 
the concrete is obtained.  
10.4 WATER SORPTIVITY 
According to Hall (1989), sorptivity is “….the property which characterizes the 
tendency of a porous material to absorb and transmit water by capillary suction”. In a 
non-saturated concrete or mortar sample, the rate of fluid penetration or sorptivity is 
mainly controlled by absorption due to capillary rise (with no applied pressure); so, 
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known that most of the processes of deterioration in cement based materials are 
initiated by water.  
 
The test method employed to measure the sorptivity is described in ASTM C-1585 
(2004) and is based on the work of Hall (1989). Here, the increase in mass or the 
penetration resulting from absorption of water is measured when just one surface of 
the sample is placed in contact with the fluid. It is stated by Basheer (2001) that the 
cumulative absorbed volume per unit area of the inflow surface (m3/m2), increases as 
a function of the square root of the time (s0.5) 
 
AtSi +=  (10.8) 
 
where S is the sorptivity of the material (m3/m2/ s0.5) and A is a constant that is 
needed to adjust the experimental data. A has a physical explanation; the open 
porosity of the inflow surface allows pores to fill with water instantly at the beginning 
of the test. In figure 10.5 a typical result of the test is shown as an example. 
 
 
Figure 10-5 Typical result of sorptivity for a normal concrete 
In order to conduct the test, one of the surfaces of the sample is left in contact with 
water and the increase in weight observed is measured at specific times. After 
obtaining enough number of points the graph of the figure 10.5 is plotted. Figure 10.6 
shows the set-up used in this research. 
 




Figure 10-6 Sorptivity test - picture and schematic diagram 
Sorptivity is influenced by many factors (ASTM-C1585 2004), such as the type, 
quality and composition of the raw materials, the placement and finishing, the type 
and curing time, the degree of hydration or age, and especially, the water content of 
the material. In order to maintain the same humidity conditions for all the samples 
tested, a procedure of conditioning was established. After each period of curing the 
samples were left to dry at 80 °C in an oven for 5 days. It was assumed that any 
higher drying temperature might adversely affect the capillary system of the external 
layers of the samples; so, it was decided to use this “low” temperature and the time 
of drying was extended. After drying, all the surfaces of the specimens, except the 
one that was in contact with water, were covered with an epoxy or rubber emulsion. 
10.5 WATER PERMEABILITY 
Water permeability is defined as the rate at which a fluid will flow through a sample 
when there is a pressure difference. The experimental measurement of this property 
has some difficulties because in order to test mortar or concrete, high pressures 
(usually between 20 and 120 Bars) and triaxial cells are required. It is assumed that 
the flow due to a high pressure head across the pore system of a sample is governed 
by Darcy's Law. This states that a laminar flow in steady state condition moving 
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where Q is the volume rate flow [m3/s], A is the area of cross section [m2], p∂ [Pa] is 
the pressure loss over the flow path of length l∂ [m], µ is the viscosity of the fluid 
[Ns/m2], and k is the intrinsic permeability of the material [m2]. The intrinsic 
permeability kp is a property of the material and is independent of the properties of 








=  (10.10) 
  
Kp is the coefficient of permeability [m/s], ρ is the density of fluid [kg/m
3], and g is the 
acceleration of the gravity [m/s2]. Basically, the test consists of applying a vertical 
water pressure gradient to a concrete or mortar cylindrical sample until the steady 
state flow condition is reached. To achieve this, the specimen is housed in a triaxial 
cell, like the one shown in figures 10.7 and 10.8, and a radial oil confining pressure is 

































Figure 10-8 High pressure water permeability system 
10.6 CORROSION 
In the corrosion process of metals there are always two simultaneous reactions. A 
anodic reaction of oxidation in which the metal increases its valence liberating 
electrons, and a cathodic reaction of reduction, in which there is consumption of 
electrons. In neutral solutions or in acidic water, iron shows the following reactions 
(Jones 1996):  
 
Anodic Reaction: −+ +→ eFeFe 22  (10.11) 
Cathodic Reaction: −− +→+ OHHeOH 222 22  (10.12a) 
222 HeH →+
−+  (10.12b) 
 
As there is a transfer of electrons in each half cell electrochemical reaction, the 
anodic and cathodic half cells will tend to reach a rest potential Ecorr. That 
corresponds to equilibrium in terms of electrical current between metal dissolution 
and the associated reduction reaction. The rest potential is a function of the ability 
with which the electrons can be exchanged. Polarisation is defined as the potential 
change from the equilibrium half cell electrode potential. In cathodic polarisation 
there is a surplus in the electrons supplied to the metal. The application of a negative 
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potential (cathodic over-voltage) in order to supply an excess of electrons, decreases 
the corrosion rate and is known as cathodic protection. In anodic polarisation, where 
electrons are separate from the metal, a deficiency of electrons results in a positive 
potential change, and dissolution of the metal.  
 
Corrosion is an electrochemical process which always involves an exchange of 
electrons. This flow of electrons is proportional to the velocity of the reactions and is 
measured as current. The relationship between current and mass of metal reacted in 
a corrosion process is stated by equation 10.13, where m is the mass reacted, F is 
the Faraday constant, I is the current, z is the electrical charge of the metal, a is the 




m =  (10.13) 
 
If equation 10.13 is divided by time t and by the area A, it is possible to find the 







r )(==  (10.14) 
 
The relationship between polarization and current density according to Jones (1996) 
is presented in equations 10.15 and 10.16. 
 






logβη =  (10.15) 






logβη =   (10.16) 
 
ηa and ηc are the anodic and cathodic polarization over-potentials, βa and βc are 
known as the Tafel constants, ia and ic are the anodic and cathodic current densities, 
and  io corresponds to the exchange current density at equilibrium. The theoretical 
derivation of equations 10.15 and 10.16 is out of the scope of this document, 
however, it can be found in Jones (1996). 
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Although both of the half cell reactions shown in equations 10.11 and 10.12 occur 
simultaneously and each one has its own half cell potential and exchange current 
density, the half cell electrode potentials +2/ FeFee and 2/ HHe + in the anode and cathode 
are not isolated, so, they must polarize to a common intermediate equilibrium value. 
This can be seen in figure 10.9. 
 
 
Figure 10-9 Polarization of anodic and cathodic half cell reactions (Jones 1996) 
If the system is subjected to an external excess of electrons, through the application 
of a negative voltage or current, the electrode potential will change from Ecorr to E. 
So, the surplus of electrons decreases the rate of the anodic reaction and increases 
the cathodic reaction according to the principle of charge conservation.  
 
acapplied iii −=   (10.17) 
 
Typical cathodic and anodic polarization curves of potential versus the logarithm of 
the current applied are shown in figure 10.10. It can be seen that when the over-
potential is close to zero, the curves are asymptotic to Ecorr. However, when there is a 
higher over-potential, the relation Potential vs. log(iapplied) is linear. That linear part of 
the graph is known as Tafel behaviour, and their slopes correspond to the Tafel 
constants included in equations 10.15 and 10.16.  
 
Another approach known as equivalent circuit can be used to understand the 
relationships between polarization curves and current in a metallic corrosion process 
(Claisse 1988).   




Figure 10-10 Experimental polarization curves and Tafel constants (Jones 1996) 
10.6.1 Linear Polarization 
Jones (1996) states that experimentally it is observed that the degree of polarization 
for a given applied current is greater for a lower corrosion rate. In the same way, 
there is an apparent linearity close to the origin of the polarization curve for over-
voltages of up to a few millivolts. The slope of this linear curve is inversely 
proportional to the corrosion rate. These conditions form the basis a the method of 
linear polarization, used experimentally for measuring the rate of corrosion of a metal 
under aggressive conditions.  
 
If in equations 10.15 and 10.16 icorr is used instead of io and the polarization is made 
from the rest potential voltage Ecorr, the cathodic (εc) and anodic (εa) over-voltages 
are a function of the Tafel constants and of the corrosion rate icorr. It is important to 
notice that the over-voltage is corracac EE −= //ε . Figure 10.11 shows a schematic 
experimental polarization curve (arbitrary units were used), where an over-voltage 













logβε =  (10.19) 
 




Figure 10-11 Hypothetical anodic and cathodic polarization curves in linear 
coordinates 
The polarization resistance (Rp) is defined for a given electrochemical system as a 



















R  (10.20) 
 
In addition, it has been shown by Claisse (1988) and Jones (1996) that if equations 
10.18 and 10.19 are converted to their exponential form, and substituting them to 
equation 10.17, the polarisation resistance can be defined as a function of the Tafel 













  (10.21) 
 
The measurement of the corrosion rate in this project was carried out using a 
potentiostat. A controlled over-voltage was impressed in a corroding reinforced bar. 
The generated current iapplied was proportional to the corrosion rate. The potentiostat 
works by adjusting an applied polarizing current to control the voltage between the 
working and reference electrodes. Equation 10.22 was used to determine the 
polarization resistance. The potentiostat used was a HI -TEK DT2101 as is shown in 
figure 10.12.  
















Figure 10-12 Potentiostat used to measure the polarization resistance in reinforced 
concrete samples 
A diagram of the experimental set up used to measure corrosion of steel in concrete 














Figure 10-13 Corrosion experiment circuit set up  
The reference electrode was a Calomel reference electrode, the auxiliary electrode 
was a 10 mm thick steel sheet, and the working electrodes were steel bars cast in 
each of the concrete final mixes investigated in this research. The concrete samples 
were cylinders of 100 mm of diameter, cast with a 7.5 mm round bar in them. Figure 
10.14-right shows a diagram of a typical sample. The samples were placed in a 
plastic tank containing a solution of 7% sodium chloride. With the aim of accelerating 
the corrosion process, between each polarization resistance reading, a constant 
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were connected in parallel and the voltage was supplied by the potentiostat as shown 
in figure 10.12-left. The disconnected samples were left for 1 day before tests. 
 
                           
Figure 10-14 (left) Set up of the experiment, (right) corrosion reinforced concrete 
sample 
During the measurement of corrosion rates the total electrical current through the 
circuit shown in figure 10.11 is equal to the sum of the polarisation resistance Rp, the 
internal resistance of the potentiostat, and the resistance of the electrolytic medium. 
Although the electrical resistance of the potentiost and the sodium chloride solution 
are negligible, the electrical resistance of concrete Rc surrounding the steel electrode 
does have an important effect. That is, the total resistance R measured is actually the 
sum of Rp and Rc. The determination of the concrete resistance (Rc) was made 
according to section 6.5. 
 
In addition to the effects of the electrical concrete resistance on the total current 
measured, the concrete double layer capacitance Cdl can introduce some errors in 
the measurement of Rp (Claisse 1988). In order to compensate for the effect of Cdl in 
this research a time delay of 30 seconds was introduced between the application of 
the external voltage and the measurement of current. 
 
As was shown in equation 10.21, the constant B is function of the anodic and 
cathodic Tafel constants. However, for practical applications it is common practice 
when the conditions of the corrosion process are known to use experimental values 
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in reinforced concrete structures values of 26 mV for reinforced steel actively 
corroding, and 52 mV if the steel is considered passive. In this research, as an 
external anodic voltage of 100 mV was applied continually to the samples, the value 
of the constant B assumed was 26 mV. 
10.6.2 Half-Cell Potentials 
The rest or equilibrium potential of steel (E0) is correlated with the severity of 
corrosion in reinforced concrete structures. The ASTM C-876 (1991) provides 
general guidelines for evaluating corrosion in concrete as outlined in Table 10.2. 
Note that the potentials are in respect to a saturated calomel electrode. 
 
Half-cell potential reading vs. SCE Corrosion activity 
less negative than -0.200 V 90% probability of no corrosion 
between -0.200 V and -0.350 V an uncertain probability of corrosion 
more negative than -0.350 V 90% probability of corrosion 
Table 10-2 Probability of corrosion according to half-cell readings (ASTM C-876) 
 




11 CHLORIDE TRANSPORT RELATED PROPERTIES  
In this chapter an experimental programme was designed in order to measure and 
simulate computationally some of the most important transport related properties in 
concrete mixes containing the two types of slag used in this research. 
 
11.1 INTRODUCTION 
 In an initial stage, the final slag binders developed in the first part of this dissertation 
were investigated. For each of these, the following tests were carried out: workability, 
compressive strength, open porosity, initial water absorption capacity (sorptivity), 
carbonation, chloride migration and self diffusion, electrical resistivity, water 
permeability, and corrosion. 
 
Because some of the final binders investigated are new, little is known about their 
chloride related properties, and there was no prior knowledge about the influence 
upon their durability of either the water to binder ratio or the conditions of curing. In 
order to contribute to a better understanding, the water binder ratio and the curing 
conditions were also included as variables within this part of the research. 
 
In a second stage of this part of the research, mixes of ordinary Portland cement and 
ground granulated blast furnace slag at different proportions were investigated. 
Chloride related tests were carried out on different combinations of OPC and GGBS 
in order to establish the influence of the proportion of slag on the transport properties 
of this popular mixture. The tests carried out were compressive strength, open 
porosity, chloride migration and self diffusion, and electrical resistivity. 
 
In addition to the experimental programme carried out, the chloride transport related 
properties of 20 different mixtures were obtained from the tests of current and mid 
point membrane potential, using the optimization model presented in chapter 8. 
Based on the experimental results and the simulations, the intrinsic diffusion 
coefficients of chloride, hydroxide, sodium and potassium were obtained. Also, the 
initial hydroxide composition of the pore solution, the porosity, and the chloride 
binding capacity were determined.   
Juan Lizarazo Marriaga – Transport properties and multi-species modelling of slag based concretes                              
 
 250
11.2 EXPERIMENTS ON FINAL BINDERS 
11.2.1 Materials 
The final binders developed in the first part of the research were investigated in this 
chapter on concrete samples. The cementitious materials are shown in table 3.2. 
 
Binder Materials Binder name 
1 100% OPC (reference) O 
2 40% OPC + 60% GGBS OG 
3 70% OPC + 30% BOS OB 
4 40% OPC + 30% GGBS + 30% BOS OGB 
5 10% BPD + 54% GGBS + 36% BOS BGB 
6 5%PG + 60% GGBS + 35% BOS PGB 
 
Table 3.2 Final slag mixes selected 
The properties of the sand used were already described in Chapter 7.1.2. Coarse 
aggregate from a quarry with a mixed surface texture of both rounded smooth and 
angular rough particles was used (5-13 mm). Figure 11.1 shows the size distribution 
of particles, using the ASTM C33 (2008) recommended limits. The material was 
between the limits of size number 7 according to the standard. The dry density of the 
sand was 2650 kg/m3.  
 
 
Figure 11-1 Coarse aggregate size distribution and ASTM C-33 limits 
The water used as part of the mix was obtained from the tap and no chemical 
admixtures or similar materials were used. 
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11.2.2 Mix design, casting and curing  
In the design of the concrete mixes some variables were fixed and controlled to make 
the results comparable. The main parameters taken into account in obtaining the 
proportions of the mixtures were the following: 
 
• Water to binder ratios of 0.40 and 0.50 were used for each mixture. 
• The total amount of cementitious materials used for all the mixes was 400 
kg/m3. 
• The ratio between coarse aggregate and sand was fixed at 1.23. 
 
The procedure to obtain the proportions of the materials in weight was to determine 
for each material the absolute volume for a cubic meter of concrete. For this, the 
densities of the materials were used. Table 11.1 shows the weights calculated for 
each material. 
 
A mechanical horizontal pan mixer of 50 litres of capacity was used to mix the 
different materials (figure 11.2). First, the dry materials (binders, sand, and gravel) 
were mixed for 1 minute, and with the pan still rotating, 1/4 of the water was added 
and mixed for a further minute. After that, the mixer was stopped for 1 minute to allow 
the aggregate pores to fill with water and the mixture scraped off the sides of the pan. 
Finally, the remaining water was added and mixed continuously for 2 minutes more.  
 
   Binder [kg/m3] Water Sand Gravel 






1 O-4 0.40 400 0 0 0 0 400 160 795 972 
2 O-5 0.50 400 0 0 0 0 400 200 747 913 
3 OG-4 0.40 160 240 0 0 0 400 160 805 984 
4 OG-5 0.50 160 240 0 0 0 400 200 757 925 
5 OB-4 0.40 280 0 120 0 0 400 160 792 968 
6 OB-5 0.50 280 0 120 0 0 400 200 744 910 
7 OGB-4 0.40 160 120 120 0 0 400 160 797 974 
8 OGB-5 0.50 160 120 120 0 0 400 200 749 916 
9 BGB-4 0.40 0 216 144 40 0 400 160 799 976 
10 BGB-5 0.50 0 216 144 40 0 400 200 751 917 
11 PGB-4 0.40 0 240 140 0 20 400 160 800 978 
12 PGB-5 0.50 0 240 140 0 20 400 200 752 919 
 
Table 11-1 Proportions of the slag concrete mixes cast 
 




Figure 11-2 Horizontal 50 litre mixer 
Because of the large number of experiments and the variety of sample sizes and 
forms, different types of casting moulds were required (figure 11.3). All the concrete 
was cast in standard pre-oiled moulds and the samples were covered after casting 
with a polyethylene sheet until the next day. For each mix, the tests were carried out 
on concrete samples subjected to two different curing conditions. Wet (water) curing 
and dry (air) curing conditions were used. In the first one, the specimens were 
submerged in lime water and kept at 20±2 °C. In contrast, under the dry curing 
condition the specimens were left in the laboratory environment at 20±4 °C and 40-
60% in direct contact with the air.  
 
 
Figure 11-3 Pre-oiled moulds before casting 
Juan Lizarazo Marriaga – Transport properties and multi-species modelling of slag based concretes                              
 
 253
11.2.3 Design of experiments 
Table 11.2 shows a summary of the experiments carried out, in which 12 mixes 
under the two different curing conditions were assessed. A total of 24 different types 
of specimens were investigated. The samples were named according to the binder 
materials of table 3.2, the water binder used (0.4 or 0.5), and the curing condition 
(wet or air). For example, the sample OGB4W corresponds to the mix 40% OPC + 
30% GGBS+ 30%BOS with a water to binder ratio of 0.4 and subjected to a wet 
curing condition. Samples “W” were kept in water meanwhile samples “A” were left to 
cure in air. 
 
The following tests were carried out. 
 
Workability:  Before casting the specimens, the slump was measured for all mixes 
according to Part II of BS1881. Additionally, the flow properties of the mixes were 
measured using the ICAR rheometer. However, because of the low slump of the 
mixtures with water to binder ratio of 0.4,  it was not possible to use this machine on 
those mixtures. 
 
Compressive strength: The compressive strength was measured on 100 mm cube 
specimens at ages of 3, 28, and 90 days. The specimens were cured according to 
the conditions specified prior to the tests, and three replicates were tested for each 
mixture. 
  
Open porosity: This test was carried out according to the method presented in 
section 6.5. The tests were carried out on samples at an age of 90 days, and three 
replicates were tested for each mixture. The specimens were cured according to the 
specified conditions. 
 
Initial Sorptivity: This test was carried out according to the method presented in 
section 10.4. The tests were carried out on samples at an age of 90 days, and two 
replicates were tested for each mixture. The specimens were cured according to the 
specified conditions prior to the tests. 
 
Electrical resistivity: A.C. resistivity was measured on the same samples used in 
the chloride migration tests at 90 days. Three replicates were tested for each mixture. 
The procedure followed is presented in section 6.6. 




Chloride penetration in self diffusion tests: The chloride penetration was 
measured from diffusion tests on cylindrical specimens. The experiments were 
started 90 days after casting and lasted for another 90 days. The specimens were 
cured according to the specified conditions before beginning the tests, and three 
replicates were tested for each mixture. The procedure followed was presented in 
section 6.8. 
 
Chloride migration: Voltage control (ASTM C1202) and membrane potential tests 
were carried out on 50 mm cylindrical specimens at the age of 90 days. The 
specimens were cured according to the specified conditions prior to the tests, and 
three replicates were tested for each mixture. 
 
Carbonation: The carbonation depth was measured on 100 mm cube specimens at 
the age of 1 year after casting. During the first 28 days the samples were allow to 
cure according to the specified curing conditions. After this initial period of time all the 
samples were removed from their curing environment and were left on the roof of the 
John Laing building at Coventry University until the test. The environment around the 
samples was that found in the City of Coventry-UK. The samples were cast in the 
summer of 2008 and three replicates were tested for each mixture. 
 
Water permeability: Cylindrical Samples of 55 mm of diameter and 30 mm 
thickness were tested. The specimens were cured according to the standard 
conditions prior the tests, and two replicates were tested for each mixture. 
 
Corrosion: Cylinders with an embedded 7.5 mild steel bar were used to assess the 
protection given to the reinforcement by the concrete. After demoulding, the samples 
were kept in tap water (pH≅7.3) as shown in figure 10.12-right for 150 days, and the 
rest potentials at regular intervals measured. At the end of this period, the samples 
were immersed in a 7% NaCl solution, where a constant voltage of +100mV was 
applied. This external voltage was driven by the potentiostat in order to polarize the 
samples at +100mV. The polarization resistance was measured over a further 182 
days and two replicates for each test were used. 
 


























1 100% OPC (reference) 0.40 wet O4W 3 3 3 3 3 3 2 2 2 
2 100% OPC (reference) 0.40 air O4A 3 3 3 3 3 3 2 0 0 
3 100% OPC (reference) 0.50 wet O5W 3 3 3 3 3 3 2 0 0 
4 100% OPC (reference) 0.50 air O5A 3 3 0 0 0 0 0 0 0 
5 40%OPC+ 60%GGBS 0.40 wet OG4W 3 3 3 3 3 3 2 2 2 
6 40%OPC+ 60%GGBS 0.40 air OG4A 3 3 3 3 3 3 2 0 0 
7 40%OPC+ 60%GGBS 0.50 wet OG5W 3 3 3 3 3 3 2 0 0 
8 40%OPC+ 60%GGBS 0.50 air OG5A 3 3 0 0 0 0 0 0 0 
9 70%OPC+ 30%BOS 0.40 wet OB4W 3 3 3 3 3 3 2 2 2 
10 70%OPC+ 30%BOS 0.40 air OB4A 3 3 3 3 3 3 2 0 0 
11 70%OPC+30%BOS 0.50 wet OB5W 3 3 3 3 3 3 2 0 0 
12 70%OPC+30%BOS 0.50 air OB5A 3 3 0 0 0 0 0 0 0 
13 40%OPC+30%GGBS+30%BOS 0.40 wet OGB4W 3 3 3 3 3 3 2 2 2 
14 40%OPC+30%GGBS + 30%BOS 0.40 air OGB4A 3 3 3 3 3 3 2 0 0 
15 40%OPC+30%GGBS + 30%BOS 0.50 wet OGB5W 3 3 3 3 3 3 2 0 0 
16 40%OPC+30%GGBS + 30%BOS 0.50 air OGB5A 3 3 0 0 0 0 0 0 0 
17 10%BPD+54%GGBS + 36%BOS 0.40 wet BGB4W 3 3 3 3 3 3 2 2 2 
18 10%BPD+54%GGBS + 36%BOS 0.40 air BGB4A 3 3 3 3 3 3 2 0 0 
19 10%BPD+54%GGBS + 36%BOS 0.50 wet BGB5W 3 3 3 3 3 3 2 0 0 
20 10%BPD+54%GGBS + 36%BOS 0.50 air BGB5A 3 3 0 0 0 0 0 0 0 
21 5%PG+60%GGBS + 35%BOS 0.40 wet PGB4W 3 3 3 3 3 3 2 2 2 
22 5%PG+60%GGBS + 35%BOS 0.40 air PGB4A 3 3 3 3 3 3 2 0 0 
23 5%PG 60%GGBS + 35%BOS 0.50 wet PGB5W 3 3 3 3 3 3 2 0 0 
24 5%PG+60%GGBS + 35%BOS 0.50 air PGB5A 3 3 0 0 0 0 0 0 0 




11.2.4 Experimental outcomes and discussion 
11.2.4.1 Workability of fresh mixes 
Although the relationship between workability and the transport properties was not studied, 
results of workability are presented in order to characterize the fresh properties the novel 
slag mixes developed. Results of slump are shown in figure 11.4. As was expected, 
significant differences between mixtures of different water content were found. As was 
reported by ACI-238 (2008), the blended slag binders improved the slump of the OPC for 
both water contents. Although for slag mixes with water/binder 0.5 the increase in the slump 
was between 30 and 50 mm higher than the slump of pure OPC samples, those mixtures still 
showed an adequate cohesion, and aggregate segregation was not detected. For mixtures 
containing BOS, bleeding was observed; this was attributed to the high specific gravity of the 
steel slag.  
 
 
Figure 11-4 Concrete slag mixtures’ slump  
The experimental flow curves for the mixtures tested are shown in figure 11.5. 
 
 
Figure 11-5 Measured flow curves (w/b=0.5) of concrete slag mixes 




From the experimental flow curves the physical parameters were determined. The yield 
stress [Pa] and viscosity [Pa*s] obtained are shown in Figure 11.6. It is noted that the plastic 
viscosity and the yield stress are strongly influenced by the presence of the binary mixture 
GGBS-BOS and that the presence of OPC generates a decrease in those properties.  
 
  
Figure 11-6 Yield stress and viscosity of final slag concrete mixes 
As was reported by Wallevik (2006), a low correlation between the slump and the measured 
parameters was obtained. Figure 11.7 shows the relationships between the slump and the 
yield stress and viscosity.  
 
  
Figure 11-7 Relationships between yield stress and viscosity – slump for final slag concrete 
mixes 
11.2.4.2 Compressive strength  
Figure 11.8 shows the results of compressive strength for all the mixes evaluated. The 
variability of the test is shown through error bars with amplitude equal to twice the standard 
deviation. Although the mechanical properties of OPC and GGBS blended concretes are well 
reported in the literature, for the other mixtures the availability of data is limited. The following 
conditions were observed for all the binders: an increase in the age of curing produces an 




increase in the strength, the samples cured in water showed more strength than their air-




Figure 11-8 Compressive strength of blended concrete samples 
Strength development: 
 
The strength at 90 days will be called here final strength; however, it does not mean that at 
later ages could no be more strength increase. The O4W mixture (OPC, w/b=0.4, 
curing=water) at 3 days developed 60% and at 28 days developed 91% of its final strength. 
Mixture OG4W showed at early age a delay in the rate of strength development, this mix 
developed 37% at 3 days and developed at 28 days 86% of its final strength. Mixtures 
OGB4W and BGB4W behaved similarly to OG4W, showing a significant delay in the rate of 
compressive strength development. Mixtures OB4W and PGB4W did not show delay in the 
rate of compressive strength development. 
 
For blended mixtures the compressive strength evolution depends on the amount and the 
type of slag replacement. In OPC combinations, GGBS produces a delay at early ages 
because the slag glassy compounds react slowly with water and it takes time to develop 
hydration products. However, at later ages, it can produce higher compressive strength than 
simple OPC. In the same way, BOS produces a delay in the development of the compressive 




strength, but, at 90 days this material gains little in compressive strength. In ternary mixes 




For all air cured mixtures, the percentage of compressive strength developed for any mix at 
28 days, with respect to the value of strength of the same mix at 90 days was much higher 
than when samples were water cured. This observation is important because it means that 
when the samples are not properly cured (i.e. in air), they did not show further increase in 
strength at later ages (after 28 days). The values of strength observed at 28 days and 90 
days were relatively similar. 
 
Reductions of compressive strength due to differences in curing were obtained for all mixes. 
For example, mix O4 had a reduction of 4% at 3 days, 15% at 28 days and 21.5% at 90 days 
when it was air cured. In the same way, mix O5 had a reduction of 5.5% at 3 days,  25.7% at 
28 days and of 25.2% at 90 days. For all the mixes at early ages (3 days) it was observed 
that the air curing did not affect the compressive strength significantly. This could be because 
the water necessary for hydrating the mixes exists in the specimens at least during the first 
days. In contrast, the reduction of strength for samples air cured after 3 days is significant, 
being more important for mixes containing OPC and GGBS in combination and with higher 
water to binder ratios. The differences in curing conditions resulted in a reduction of the 
compressive strength; at 90 days for example that reduction can be observed in table 11.3 
 
Mixture O4 O5 OG4 OG5 OB4 OB5 OGB4 OGB5 BGB4 BGB5 PGB4 PGB5 
Reduction [%] 21.5 25.2 33.0 37.0 32.0 32.3 36.9 43.0 19.4 30.1 18.9 25.0 
 
Table 11-3 Reduction of compressive strength at 90 days because of curing for blended 
concrete samples 
Water to binder ratio influence: 
 
For OPC mixtures at 90 days, an increase in the water to binder ratio has a greater impact 
on strength than does the curing method. In contrast, OPC-GGBS, OPC-BOS and OPC-
GGBS-BOS mixtures are more susceptible to the curing type than to the water to binder 
ratio. The two non-Portland mixtures behaved similarly to OPC. In all cases, samples with 
water to binder ratio of 0.5 and cured in air showed the greatest loss of strength because the 
dual detrimental factors worked simultaneously.  
 




The effect of the water binder ratio on the compressive strength as calculated by the 
difference between samples with the same binder and curing conditions, was analyzed. For 
any age and type of curing, the reduction of compressive strength due to changes in the 
water to binder ratio was important, being higher for early ages. In all binders, the reduction 
of strength due to changes in the water binder is higher for samples cured in air. For all 
mixes, table 11.4 shows the reduction in compressive strength at 90 days due to an increase 
in the water to binder ratio. 
 
Mixture OW OA OGW OGA OBW OBA OGBW OGBA BGBW BGBA PGBW PGBA 
Reduction 
[%] 
28.5 31.9 26.2 30.7 28.8 28.2 27.1 34.1 36.6 39.8 33.5 38.6 
 
Table 11-4 Reduction in compressive strength at 90 days due to the water to binder ratio for 
blended concrete samples 
Materials influence: 
 
At early age (3 days), regardless of the curing or water to binder ratio, for all slag binders the 
measured compressive strength was lower than the OPC reference. At 90 days, the 
compressive strength of OPC-GGBS samples cured under water was higher than the 
reference - an increase of 6 and 9.5% was obtained for samples with 0.4 and 0.5 water 
binder ratio respectively. It shows that if this mix is adequately water cured it can be 
expected to have a strength superior to one of 100% ordinary Portland cement. For the same 
binder when cured in air, it was a reduction of 9.3 and 7.8% with respect to the OPC 
reference that was obtained for samples with 0.4 and 0.5 of water binder ratio respectively.  
 
As was reported by Tasdemir (2003), Mineral additives with coarse particles cause a 
reduction in the strength of concrete. In that way, the blended mixture OPC-BOS had a 
reduction of compressive strength at 90 days (with respect to the OPC sample with the same 
water to binder ratio and curing conditions) of 22% for samples cured in water and a 
reduction about 30% for samples cured in air. These values can be considered consistent 
with expectations, taking into account the poor cementitious properties of steel slag. 
However, the reduction of strength at 90 days found in the first stage of the research for a 
paste mix with 30% BOS and 70% OPC was around 7%. It is believed that the greater 
reduction in strength in concrete samples is due to failure of the cement paste-aggregate 
interfaces. This was concluded from visual observations of the specimens after testing.  
 




The ternary mixture OPC-GGBS-BOS under conditions of water curing showed more 
compressive strength at 90 days than the similar OPC-BOS. For that ternary mix the 
reduction of compressive strength with respect to the OPC reference was of 13.6 and 11.8% 
for samples with water binder ratio of 0.4 and 0.5 respectively. That makes this novel mix 
attractive from the standpoint of its mechanical properties because it contains only 40% of 
ordinary Portland cement. As was pointed out before, samples cured in air were affected 
considerably; for this mix, the reduction of compressive strength due to the curing conditions 
was of 30.5 and 32.7% for samples with water binder ratio of 0.4 and 0.5 respectively. 
 
The results of compressive strength for the mixtures with 100% waste were not as good as 
expected, especially for the mix including plasterboard gypsum. Although in the first part of 
the research a compressive strength of paste samples for both mixes (PG and BPD 
activated) of around 32 MPa was obtained, the maximum strength obtained for the BGB and 
PGB mixes were 21.4 and 13.5 MPa respectively. The reduction of strength with respect to 
the OPC reference for the mixes of 0.4 water to binder ratio and cured in water was of 58.4 
and 73.8% for BGB and PGB respectively. In the same way as in than OB mixes, some 
problems of adhesion between the cement paste and the aggregate were detected. 
11.2.4.3 Open Porosity 
Capillarity porosity was determined using 30 mm thick slices of concrete cylinders after 90 
days of curing. Capillary pores are defined as pores with a diameter bigger than 10 nm, as 
opposed to gel pores, which have a small diameter (Midness and Young 1981). In theory, 
permeability is related only to capillarity porosity because the water adsorbed on the cement 
matrix is practically immobile. Powers (1958) found the permeability of the “gel” to be 
approximately 2 x 10-17m/s. It should be noticed that the open porosity test only gives an 
indication of the total water accessible porosity and some problems are reported in the 
experimental procedure (Nokken 2004):  
 
• 100% saturation is not easy to obtain in concretes with closed microstructure. 
 
• Errors can be introduced in the determination of saturated surface dry mass (i.e., 
more surface area) 
 
Figure 11.9 shows the porosity measured for the final concrete mixes. The results vary due 
to the binders, water binder ratio and curing condition. 
 





Figure 11-9 Open porosity measured on blended concrete samples 
11.2.4.4 Water absorption - Sorptivity 
Water absorption measurements were taken every minute for 25 minutes. Figures 11.10 to 
11.12 show the change in mass with square root of time. The initial water absorption was 
calculated according to ASTM C1585, equation 10.8: “the absorption i is the change in mass 
divided by the product of the cross-sectional of the test specimen and the density of water 
[mm]; the initial rate of water absorption [mm/min1/2] is defined at the slope of the line that is 
the best fit to i plotted against the square root of time [min1/2]”.  
 
The slope of the curve S (sorptivity) and the constant A were obtained using least-squares 
linear regression analysis. For this, the points from 1 to 25 minutes were used, but times 
after the plot showed an important change of slope were excluded.  
 
  
Figure 11-10 Mass absorbed on concrete samples; left: OPC and right: OPC-GGBS 





Figure 11-11 Mass absorbed on concrete samples; left: OPC-BOS and right: OPC-GGBS-BOS 
 
  
Figure 11-12 Mass absorbed on concrete samples; left BPD-GGBS-BOS and right: PG-GGBS-
BOS 
The initial rate of water absorption for each mix is given in appendix 5 and the sorptivity for 
all the mixes are shown in figure 11.13. 
 
 
Figure 11-13 Initial sorptivity measured on concrete blended samples 




For all binders, as expected, the sorptivity of the specimens cured in water was higher than 
the specimens cured in air because of better hydration. The binder most vulnerable to the 
curing conditions was the combination OB, which had a sorptivity increase of 293%, followed 
by the mix OGB which had an increase of 269%. The sample OG had an increase of 224% 
and the OPC reference of 194%. The sorptivity in non-Portland binders was less vulnerable 
to air curing with an increase of 169% and 151% for BGB and PG mixes respectively. For all 
mixes, an increment in the water to binder ratio produced an increase in sorptivity, however, 
it was less important than the effect of the air curing.  
 
It is shown that either the GGBS or BOS when blended with OPC and cured adequately 
produce a reduction in capillary absorption with respect to the OPC reference. For the GGBS 
blended mixes this can be explained by the slag being finer than OPC filling the capillary 
pores, and also the pozzolanic properties of the slag improving the pore structure as was 
stated by ACI-233 (2003). In contrast, for the BOS blended mix it is believed that the material 
behaves as a filler, which blocks the capillary pathways and reduces the capillary absorption.  
 
Hall (1989) published sorptivity data for ordinary Portland cement based materials. He 
showed that sorptivity varies with water binder ratio and with different degrees of compaction. 
The numerical values of capillary absorption showed in that research for concrete with 
prolonged tamping (well compacted), with water to binder ratio 0.4 and 0.5, are 0.094 and 
0.12 mm/min1/2 respectively. The results obtained in this research for similar mixtures are in 
very good agreement with the results reported by Hall, the numerical values obtained here 
were 0.091 and 0.158 mm/min1/2 respectively.  
 
The sorptivity measured for water cured non-Portland mixes was about twice the value 
obtained for the OPC reference. However, the reduction of strength with respect to the 
reference was about 2.5 and 4 times for BPD and PG blended mixtures respectively. The 
lack of proportionality can be attributed to the very fine particle sizes of the mineral 
admixtures. Similar results were reported by Al-Harthy, Taha and Al-Maamary (2003). 
11.2.4.5 Electrical Resistivity  
The AC electrical resistance was measured on the water saturated cylinder samples just 
before carrying out the voltage control migration tests. The corresponding resistivity 
calculated with equation 6.14 in ohm-m is shown in figure 11.14.  
 





Figure 11-14 Initial resistivity measured on concrete blended samples 
Mixtures with GGBS developed higher resistivity compared to the specimens without it, 
showing huge differences between the results of different curing conditions. In the same way, 
it was observed for all mixes that resistivity decreases with an increase of the water to binder 
ratio. For water cured OPC-GGBS samples, an increase of resistivity due to the addition of 
GGBS of about 6 times the reference’s value can be seen. This could be mainly due to the 
refinement of the porous matrix and the depletion of the OH- concentration of the pore 
solution as was explained in section 6.6. Samples OPC-BOS show a decrease in resistivity, 
but their value was quite similar to that of  the reference. The samples containing GGBS and 
BOS had resistivity values of more than 4 times the OPC reference. The non-Portland 
cement mixes showed higher values of resistivity with respect to the OPC samples. For 
those mixes with water binder ratio 0.4 and cured in water, there was an increase in the 
resistivity of 600 and 700% for the BPD and PG mixes respectively.    
 
The diffusivity of any species is linearly related to the electrical conductivity of that species 
according to the Nernst-Einstein equation (5.6). However, the experimental test carried out 
gives information about the total conductivity resulting from all the ions together in the pore 
solution, rather than the single ionic conductivity. In that sense, the questions about the use 
of the resistivity test for a transport property are because there could be two possibilities: (i) 
samples which have low resistivity values due to low diffusivity and (ii) those where the low 
value of resistivity has been caused mainly by ion depletion in a pozzolanic reaction. 
 
As in the previous properties measured, the curing has a significant effect on resistivity, 
especially for those GGBS. The average resistivity reduction obtained due to air curing for 




GGBS mixes was around 70%. For the reference mix and the OPC-BOS mix the reduction 
from air curing was just 35% 
11.2.4.6 Chloride diffusion tests 
Results of chloride penetration after 90 days of diffusion are shown in figure 11.15. All the 
results are presented with error bars for the standard deviation obtained from the 
experiments. Figure 11.16 shows the chloride penetration coefficient (k) calculated from 
equation 6.14 [mm/days0.5]. 
 
 
Figure 11-15 Experimental chloride penetration after 90 days of self-diffusion measured on 
concrete blended samples 
 
Figure 11-16 Chloride penetration coefficients k calculated using equation 6.16 




From the previous figures it may be observed that for the mixtures studied the most 
important factor is the presence of GGBS. Samples containing GGBS showed lower values 
of k than samples without this mineral admixture. The water to binder ratio and the curing 
conditions also influenced the chloride penetration. For all mixtures, the air curing resulted in 
an increase of the coefficient k, which might be expected due to the reduced level of 
hydration in the surface layers of the air-cured concrete. The most serious effects of this type 
of curing were in mixture OPC-BOS, followed by OPC-GGBS-BOS, BPD-GGBS-BOS, OPC-
GGBS, PG-GGBS-BOS and finally and least affected, OPC 
 
. The benefits of GGBS on the chloride penetration are well known and have been reported 
in many publications. For example, in a research carried out by Thomas et al. (2008), it was 
found that the addition of blast furnace slag at a proportion of 65% (concrete water binder 
ratio of 0.4) decreases the apparent diffusion coefficient by a ratio of 18 with respect to a 
sample without slag. 
 
Samples OPC-GGBS and OPC-GGBS-BOS water cured showed a reduction in the chloride 
coefficient of penetration k of 70 and 52% with respect to the OPC reference. However, the 
OPC-BOS mix showed an increment of about 70% with respect to the reference. It may be 
seen that the chloride penetration measured for non-Portland mixtures was always lower 
than the OPC references. Although previous results of compressive strength, open porosity 
and sorptivity indicate that those materials should have some chloride related durability 
problems, their chloride penetration resistance was higher than the references. It is believed 
that this good behaviour in terms of chloride penetration is due to the ability of those mixes to 
bind chlorides. As was stated before in 5.3.1, GGBS increases the chemical chloride binding 
capacity because the C3A reacts with free chlorides forming insoluble calcium 
chloroaluminate hydrates (Friedel’s salt).  
 
It is also indicated that the effect of sulphates on the binding capacity of GGBS-BOS mixes is 
different from normal OPC mixes. Luo et al. (2003) states that in a normal OPC mix the C3A 
has a preferential reaction with sulphates and less C3A can bind chloride to form Friedel’s 
salt. That situation seems not to happen in the PG-GGBS-BOS mix, as it has a high chloride 
penetration resistance, attributable mainly to its ability to fix chlorides. 
11.2.4.7 Chloride migration tests 
The current and the membrane potential were obtained from the voltage control tests. Figure 
11.17 shows the profile of the values measured experimentally and error bars for the 
standard deviation obtained for OPC blended samples. From the evolution of the current the 




charge passed was calculated and analyzed as a related transport property, and from the 
combination of the current and the membrane potential, the related properties were 
simulated according to the optimization technique develop in chapter 8. This will be shown in 
section 11.4. 
  




Figure 11-17 Current and membrane potential on blended OPC samples  





It may be observed from the last figure that the current is influenced by the water binder ratio 
and the curing conditions. It is more sensitive in all cases to the air curing. In the same way, 
the profile of the current is very different for different types of binders.  
 
For the non-Portland cement mixes it was not possible to measure the membrane potential. 
During the sample preparation it was necessary to drill a 4 mm hole in order to insert the salt 
bridge used to follow the voltage distribution during the test. Unfortunately, due to the low 
compressive strength, the samples were damaged during the drilling. Figure 11.18 shows the 
crack pattern produced.  
 
 
Figure 11-18 BPD sample cracked during drilling 
 
Figure 11.19 shows the evolution of the current for both non-Portland samples. 
 
  
Figure 11-19 Current measured on non-Portland samples  
11.2.4.7.1 Charge passed  




The charge passed was calculated as the area under the curve of current vs. time as 
specified in ASTM C1202. Figure 11.20-A shows the evolution of charge for samples of 
water to binder ratio 0.4 and cured in water. Two groups are clearly defined, GGBS blended 
mixes and mixes without GGBS. Figure 11.20-B shows mixes of water binder 0.4 but cured 
in air. And figure 11.20-C shows the mixes of water to binder ratio of 0.5.  
 
    
Figure 11-20 Evolution of the charge passed on concrete blended samples 
Figure 11.21 shows the charge passed for each mix after 6 hours of the test, which includes 
the limits of chloride penetrability presented in table 5.3 (ASTM C1202). As for the chloride 
penetration and resistivity tests, samples with GGBS showed low values. In GGBS samples 
adequately cured and with low water binder ratio, values of charge corresponding to low 
chloride penetrability were measured. In contrast, for similar samples, but without GGBS, the 
charge passed corresponded to high chloride penetrability. This test is very sensitive to the 
air curing condition; especially for non-Portland samples which increased the charge passed 
by a factor of 10 when they were cured in air. 
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The Maximum temperatures obtained during the ASTM C1202 tests are shown in table 11.5. 
 
Sample O4W O4A O5W OG4W OG4A OG5W OB4W OB4A OB5W 
Max temp 
[c] 47.0 63.0 51.8 24.0 34.2 25.6 47.6 85.6 60.7 
Sample OGB4W OGB4A OGB5W BGB4W BGB4A BGB5W PGB4W PGB4A PGB5W 
Max temp 
[c] 25.6 46.4 27.8 24.0 48.0 30.3 27.7 66.6 43.8 
 
Table 11-5 Maximum temperature measured during the RCPT test 
11.2.4.8 Carbonation 
One year after casting, the cubes were split with a compression machine and a solution of 
phenolphthalein was sprayed on the fresh surface. For all the cubes tested, including the 
non-Portland samples, after a couple of minutes a well defined boundary emerged, indicating 
2 distinct areas having markedly different values of pH. Figure 11.22 shows the carbonation 
front for the sample BGB5W. 
 
 
Figure 11-22 Carbonation depth in sample BPD-GGBS-BOS (w/b=0.5, water cured) 
The results for the carbonation depth calculated with equation 10.7 are shown in figure 
11.23. It was observed that this depth is principally a function of the type of binder, 
additionally by the curing regime, and finally, but also importantly, the water to binder ratio. 
As is stated by Basheer (2001), carbonation is related with the material intrinsic carbon 
dioxide diffusion coefficient and with the material calcium hydroxide reserve, which acts as 




buffer against the carbon dioxide, preventing it from penetrating further. Non-Portland mixes 
showed the higher carbonation depth, this can be explained because of the high porosity of 
those mixes, but, especially because of the mineralogical composition of the products of 
hydration formed in them. In Part 1 of this thesis it was shown that during the hydration of 
BGB and PGB there was no portlandite observed. It is believed that the pH boundary shown 
by the phenolphthalein indicator results from the dissolution of the calcium silicate hydrates, 
and the pink coloration observed during the test was due to the alkalinity of the calcium 
hydrates. 
 
For OPC-GGBS and OPC-GGBS-BOS the carbonation depth is much less than for non-
Portland mixes, but is higher than for OPC-BOS mixtures. During OPC-GGBS hydration it is 
well know that GGBS does not consume calcium hydroxide, so, a small amount of portlandite 
produced by the OPC hydration remains as a buffer. This protection, together with the 
refined microstructure, results in an adequate carbonation resistance. For the OPC-GGBS-
BOS mix portlandite can be available; however, a decrease in the quality of the pore 
structure is expected and a higher carbonation was measured. In OPC-BOS mixtures there 
is enough calcium hydroxide available to keep the carbonation depth low, despite the 
expected reduction of the quality of the pore structure. 
 
 
Figure 11-23 Carbonation penetration after 1 year of exposition 
Results of the carbonation coefficient kc (equation 10.6) are shown in figure 11.24. It can be 
seen that air cured samples showed an increase in the coefficient for all mixtures.   
 





Figure 11-24 Carbonation coefficient of penetration kc [mm/day
0.5
] 
11.2.4.9 Water permeability 
Figure 11.25 shows the steady state water permeability results for the slag concretes tested. 
The coefficient of water permeability Kp was calculated from the experimental results using 
equation 10.10. In the figure are shown for each mix both samples tested and the numerical 
value of the average. Results obtained for OPC samples are in agreement with values 
reported by Basheer (2001) for a sample with water binder 0.4. OPC samples blended with 
GGBS and BOS showed results of permeability in the range of 10-13 m/s, in contrast, non-
Portland mixes showed a significant increase of the water coefficient of permeability with 
values in the order of 10-11 m/s. 
 
 
Figure 11-25 Water coefficient permeability for concrete blended samples 




11.2.4.10 Corrosion Tests 
After casting the corrosion samples (w/b = 0.4), the specimens were cured in tap water 
continuously for more than 150 days. Using a saturated calomel electrode (SCE) the half cell 
potentials were recorded to asses the electrochemical activity of the reinforcement in this 
“neutral” environment. Figure 11.26 shows the results of potential for this period, two 
replicates being tested for each mix. 
 
Throughout the 150 days period, samples containing OPC invariably showed potentials more 
positive than -200 mV. That means, according to ASTM C876 (1991), that there is a “90 % 
probability that no reinforcing steel corrosion is occurring”. As was expected, OPC and 
blended GGBS - BOS mixtures develop enough protection to keep the steel passivity. For 
non-Portland mixtures two periods can be distinguish. In an initial stage after casting, the 
samples showed very negative potentials (<-450 mV), presumably due to the presence of 
aggressive ions in the pore solution such as sulphates in the case of PG, and chlorides in the 
case of BPD. After a few days of curing, the materials developed a matrix of hydration 
products, where those aggressive ions could precipitate, and the potentials increased rapidly 
and became steady. In this final stage, the mix PG-GGBS-BOS showed a potential more 
positive than -200 mV with no sign of corrosion. However, the mix BPD-GGBS-BPD 
increased its potential, but it became steady in the region -200 to -350 mV, indicating 
uncertainty about corrosion. 
 
 
Figure 11-26 Rest potential measured during the curing period (150 days) 
 




After the curing period the samples were exposed to a 7% sodium chloride solution and to an 
external potential voltage of +100 mV for 182 days. Results of the AC electrical resistance 
measured between the steel bar and the secondary electrode are shown in figure 11.27. 
Samples without GGBS showed the lowest values of resistance. The results were in 
agreement with the resistivity outcomes of section 11.2.4.5. For blended Portland mixes the 
electrical resistance was steady during the entire period of testing. In contrast, the non-
Portland cement showed a decrease in resistivity caused presumably by chloride 
penetration. The PG-GGBS-BOS had at the beginning of the test an extraordinarily high 
electrical resistance that started to decrease noticeably after 30 days. The BPD mix, as well 
as the PG mix, decrease in resistance but in a moderate way. 
 
 
Figure 11-27 Electrical resistance during the induced corrosion period 
In addition to the resistivity and the polarization resistance, the corrosion potential (rest 
potential) was used to investigate qualitatively the electrochemical activity of the bars 
embedded in the different mixtures. The evolution of the rest potential is shown in figure 
11.28. All the mixtures containing Portland cement showed values of potential more positive 
than -200 mV at the beginning of the test, where no corrosion was detected. Although at 180 
days all the samples decrease Ecorr, those values were very close to the ASTM limit of -200 
mV. It was not possible through this technique to distinguish which samples behaved better. 
For non-Portland samples more Ecorr activity than in Portland samples was detected from the 
beginning. Both mixtures showed high probability of corrosion at 180 days. 
 





Figure 11-28 Rest potential during the induced corrosion period 
The results of current density calculated with the polarization resistance technique are shown 
in figure 11.29, where some corrosion levels are defined according to table 11.6 (Aperador, 
Mejía de Gutiérrez and Bastidas 2009). Slag-Portland cement mixtures showed low values of 
current density with low levels of corrosion during all the period of testing. For those mixes it 
can be stated that the material gave enough protection to the steel to remain passive or with 
very low corrosion activity. In contrast, samples of non-Portland mixes showed very high 
levels of corrosion after 180 days of testing. It was found that those mixes are very 
vulnerable to corrosion when they are in an aggressive chloride environment. 
 
Figure 11-29 Current density Icorr, during the induced corrosion period 









2] Level of corrosion 
<0.1 passivity 
0.1<icorr< 0.5 Low corrosion 
0.5<icorr< 1 High corrosion 
>1 Very high corrosion 
 
Table 11-6 Corrosion levels proposed by Aperador, Mejía de Gutiérrez and Bastidas (2009) 
The current density results are in good agreement and correlate “relatively” well with the 
logarithm of Icorr. Figure 11.30 shows the relationship between the logarithm of Icorr vs. Ecorr for 
data taken at 182 and 146 days. Two groups of data are seen in the figure, samples with and 
without OPC. A similar relationship between Icorr vs. Ecorr was reported by Jones (1996).  
 
 
Figure 11-30 Relationship Log(Icorr) vs.  Ecorr 
From equation 10.14 the equivalence for iron between the current density and the corrosion 
rate in mils (0.001 in) per year [mpy] is mpycmA 46.0/1 2 =µ . Figure 11.31 shows the 
corrosion rate, calculated with the formula shown above, for all the samples at 180 days of 
testing. All the slag-OPC blended mixtures behaved similarly to the OPC reference. Figure 
11.32 shows the condition of the steel bars after the tests. The bars were cleaned after 
removal from the cylinders for a reliable visual inspection. The visual inspection was 
consistent with the results obtained from the polarization resistance, low corrosion on OPC-
slag samples and very high signs of corrosion in non-Portland mixes. 
 
 














Figure 11-32 Reinforced bars after 182 days of testing 
 
Figure 11.33A shows a detail of the PG-GGBS-BOS cylinder after 182 days of testing. A 
build up dark residue could be seen to have accumulated on the top of the samples showing 
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Figure 11-33 PG-GGBS-BOS cylinder and bar detail after 180 days of testing 
11.3 EXPERIMENTS ON OPC - GGBS MIXES 
In this section some experiments were carried out to investigate the influence of the 
replacement of GGBS on some transport chloride related properties. For this, just mixtures of 
OPC and GGBS with different proportions of replacement were cast and the properties 
experimentally determined. This set of experiments is shown in a separate section in order to 
help the reader to understand the progress of the research. The outcomes will be discussed 
in detail in chapter 12 along with the results obtained from the neural network optimization 
model presented in section 11.4. 
11.3.1 Materials 
The blast furnace slag used was that presented in the first part of this thesis and the OPC 
used was of type I according to ASTM. The sand and gravel were the same shown in figures 
7.2 and 11.1 respectively. The water was obtained from the tap. 
11.3.2 Mix design, casting and curing  
The procedures of casting and curing were similar to those presented in section 11.2.2, but 
the samples were water-cured only under controlled conditions, no air curing was carried out 
A 
B 




for this stage. The concrete mixes cast had different levels of slag replacement and water to 
binder ratio. 
 
In order to provide as much information and make a more reliable analysis of the data, the 
mixes cast at different stages of the research are presented in table 11.7. They are classified 
according to the length of the curing time before testing. Group C1 was cured in standard 
conditions for more than 100 days, C2 was cured in the standard conditions for 180 days and 
samples of Group C3 were cured for 120 days. Additionally, the mixes were divided into 
groups “A” and “B” because different commercial brands of the Portland cement were being 
used (group A: Hanson cement, group B: Castle Cement). 
 
It is well known that the chloride diffusion coefficient and most of the transport related 
properties are time dependent. In research carried out by Khitab (2005), the following 
equation was proposed to evaluate the transient effective diffusion coefficient. 
 
 ( ) 5.013 /7010.8 tDeff
−=  (11.1) 
 
where Deff is the effective diffusion coefficient [m
2/s] and t is the curing time [days]. Equation 
11.1 indicates that the diffusion coefficient is not strongly affected after 70 days. So, it is 
assumed in this research that the curing time given to the different OPC-GGBS mixtures is 
enough to avoid the effect of the time dependent variability of the transport properties. 
 
     Binder [%] Binder [kg/m3] Water Sand Gravel 
Group # Mix Prop. W/B OPC GGBS OPC GGBS Total Kg/m3 Kg/m3 Kg/m3 
C 1-A 
25 O5-A 100%OPC 0.49 100 0 394 0 394 193 692 988 
26 OG5-10-A 90%OPC+ 10%GGBS 0.49 90 10 355 39 394 193 691 987 
27 OG5-30-A 70%OPC+ 30%GGBS 0.49 70 30 276 118 394 193 690 986 
28 OG5-50-A 50%OPC+ 50%GGBS 0.49 50 50 197 197 394 193 690 985 
C 2-B 
29 O4-B 100%OPC 0.40 100 0 400 0 400 160 705 1058 
30 O5-B 100%OPC 0.50 100 0 400 0 400 200 664 995 
C 3-B 
31 OG4-30-B 70%OPC+ 30%GGBS 0.40 70 30 280 120 400 160 704 1055 
32 OG4-50-B 50%OPC+ 50%GGBS 0.40 50 50 200 200 400 160 702 1054 
33 OG5-30-B 70%OPC+ 30%GGBS 0.50 70 30 280 120 400 200 662 993 
34 OG5-50-B 50%OPC+ 50%GGBS 0.50 50 50 200 200 400 200 661 991 
 
Table 11-7 Proportions of the OPC-GGBS mixes cast 




11.3.3 Design of experiments 
The following tests were carried out in accordance with the procedures summarized in 
previous sections. Two replicates were used, except for compressive strength where three 
replicas were tested. Table 11.8 shows a summary of the experiments. 
(i) Compressive strength (on 100 mm cubes) and open porosity. 
(ii) Chloride migration (current and mid point membrane potential). 
(iii) Chloride diffusion (90 days of exposure on a 7% NaCl solution).  
(iv) A.C. electrical resistivity.  
 
Mix 
W/B C. Strength  
Cl Diffusion Cl Migration Porosity Resistivity 
  
O5-A 0.49 Yes No Yes Yes Yes 
OG5-10-A 0.49 Yes No Yes Yes Yes 
OG5-30-A 0.49 Yes No Yes Yes Yes 
OG5-50-A 0.49 Yes No Yes Yes Yes 
O4-B 0.40 Yes Yes Yes Yes Yes 
O5-B 0.50 Yes Yes Yes Yes Yes 
OG4-30-B 0.40 Yes Yes Yes Yes Yes 
OG4-50-B 0.50 Yes Yes Yes Yes Yes 
OG5-30-B 0.40 Yes Yes Yes Yes Yes 
OG5-50-B 0.5 Yes Yes Yes Yes Yes 
 
Table 11-8 Tests carried out on OPC-GGBS mixes 
11.3.4 Results 
Results of compressive strength are shown in table 11.9. 
 
Mix 
Compressive strength [Mpa] Average 
A B C [Mpa] 
O5-A 37.3 36.6 36.9 36.9 
OG5-10-A 33.7 33.5 33.6 33.6 
OG5-30-A 32.8 32.9 33.2 33.0 
OG5-50-A 33.1 33.7 33.4 33.4 
O4-B 62.3 66.6 No 64.4 
O5-B 44.6 46.4 No 45.5 
OG4-30-B 66.7 63.9 No 65.3 
OG4-50-B 56.9 54.3 No 55.6 
OG5-30-B 51.3 48.3 No 49.8 
OG5-50-B 47.9 45.4 No 46.7 
Table 11-9 Compressive strength of OPC-GGBS mixes 




From the migration tests the current and the mid point membrane potential were determined. 
With the algorithm presented in figure 7.14 the graphs of membrane potential were smoothed 
and filtered to reduce the experimental noise. Figure 11.34 shows the evolution of the total 
current and the membrane potential for samples of group “A”; figure 11.35 shows the results 
for samples of group “B” with water to binder ratio of 0.50; and figure 11.36 shows the results 
for samples of group “B” but with water to binder ratio of 0.40. 
 
    
Figure 11-34 Current and membrane potential evolution samples “A”  
 
Figure 11-35 Current and membrane potential evolution samples “B”, w/b=0.5  
 
Figure 11-36 Current and membrane potential evolution samples “B”, w/b=0.4  




In figures 11.34 to 11.36 the individual results measured experimentally for each sample are 
shown graphically. The variability of the experiments is not shown in terms of the standard 
deviation as was done in figures 11.17 and 11.19 because just two samples were available 
and it was considered more appropriate to present the range. The average maximum 
temperature value obtained during the 6 hours of the test is shown in table 11.10. 
 




42.3 40 31.3 26.7 36 44 25.7 23.8 27 24.6 
 
Table 11-10 Maximum temperature of OPC-GGBS mixes 
The results for A.C. resistivity, charge, porosity and chloride coefficient of penetration are 
shown in table 11.11. In the same way as in figures 11.34 to 11.36, and for the same reason, 
the individual results and the average for each test are presented. 
 
     Resistivity Charge Porosity Cl coefficient 
Mix W/B Proportions Sample [ohm-m] [C]   k [mm/day
0.5 
] 
O5-A 0.49 100%OPC A 65.07 5066.41 15.04 No 
O5-A 0.49 100%OPC B 66.68 4220.75 16.05 No 
O5-A 0.49 100%OPC Average 65.88 4643.58 15.55 No 
OG5-10-A 0.49 90%OPC+10%GGBS A 70.16 4252.03 16.50 No 
OG5-10-A 0.49 90%OPC+10%GGBS B 70.55 4151.87 15.60 No 
OG5-10-A 0.49 90%OPC+10%GGBS Average 70.35 4201.95 16.05 No 
OG5-30-A 0.49 70%OPC+30%GGBS A 131.90 1902.17 17.00 No 
OG5-30-A 0.49 70%OPC+30%GGBS B 128.96 1794.30 17.90 No 
OG5-30-A 0.49 70%OPC+30%GGBS Average 130.43 1848.24 17.45 No 
OG5-50-A 0.49 50%OPC+50%GGBS A 202.05 1136.34 17.90 No 
OG5-50-A 0.49 50%OPC+50%GGBS B 211.85 1056.73 17.35 No 
OG5-50-A 0.49 50%OPC+50%GGBS Average 206.95 1096.54 17.63 No 
O4-B 0.40 100%OPC A 72.08 3950.12 16.00 2.86 
O4-B 0.40 100%OPC B 68.89 4348.78 16.42 2.85 
O4-B 0.40 100%OPC Average 70.48 4149.45 16.21 2.85 
O5-B 0.50 100%OPC A 50.59 6575.54 17.00 4.48 
O5-B 0.50 100%OPC B 50.82 7151.25 18.46 4.47 
O5-B 0.50 100%OPC Average 50.70 6863.39 17.73 4.48 
OG4-30-B 0.40 70%OPC+30%GGBS A 286.14 778.38 14.60 0.96 
OG4-30-B 0.40 70%OPC+30%GGBS B 267.48 813.23 16.31 0.96 
OG4-30-B 0.40 70%OPC+30%GGBS Average 276.81 795.80 15.45 0.96 
OG4-50-B 0.40 50%OPC+50%GGBS A 603.97 332.23 15.30 0.70 
OG4-50-B 0.40 50%OPC+50%GGBS B 499.14 426.26 16.39 0.60 




OG4-50-B 0.40 50%OPC+50%GGBS Average 551.55 379.25 15.85 0.65 
OG5-30-B 0.50 70%OPC+30%GGBS A 227.16 977.00 17.20 1.07 
OG5-30-B 0.50 70%OPC+30%GGBS B 195.29 1180.34 17.52 1.08 
OG5-30-B 0.50 70%OPC+30%GGBS Average 211.23 1078.67 17.36 1.08 
OG5-50-B 0.50 50%OPC+50%GGBS A 445.86 473.78 17.63 0.98 
OG5-50-B 0.50 50%OPC+50%GGBS B 366.89 614.46 18.16 1.06 
OG5-50-B 0.50 50%OPC+50%GGBS Average 406.37 544.12 17.89 1.02 
 
Table 11-11 GGBS-OPC experimental results   
11.4 SIMULATION OF TRANSPORT PROPERTIES 
The transport related properties of a total of 20 mixtures were obtained through the neural 
network optimization model. The inputs of the network, as is shown in figure 8.3 correspond 
for each mix to the experimental values of the mid point membrane potential at 1.2, 3.6 and 6 
hours, and the current at the start, 3.6 and 6 hours of the test. The numerical values used as 
inputs are shown in appendix 6.  
 
Some of the final binder mixes shown in section 11.2, OPC, OPC-GGBS, OPC-BOS and 
OPC-GGBS-BOS samples, were simulated. Mixtures with BPD and PG were not simulated 
because it was not possible to measure the mid point membrane potential. In the same way, 
samples OB4A and OB5W are not included because in an initial simulation were obtained 
results that were not physically possible. For OPC-GGBS mixes all the samples of groups “A” 
and “B” are included. 
 
Following the procedure detailed in section 8.4, with the numerical values of the inputs and 
the optimization model the chloride related properties were determined. In order to assess 
the general performance of the neural network, the Coventry University electro-diffusion 
model was run with the obtained transport properties to obtain the simulated values of total 
current and mid point voltage. Those results are plotted in figures 11.37 and 11.38 which 
show the relationship between the current and voltage measured and simulated for all the 
mixtures. The red line represents the ideal condition of zero error, where the predictions 
match the measured data perfectly.  
 





Figure 11-37 Current measured experimentally and calculated using the optimization model 
 
Figure 11-38 Mid-point membrane potential measured and calculated using the optimization 
model 
Some very important observations can be made related with figures 11.37 and 11.38.  
 
1. The procedure applied to find the transport properties of a concrete mix contains, as 
expected, errors. These can be either from the collection of the experimental data or 
a product of the process of the numerical model.  
 
2. The ability of any model to predict an event lies in its capability to adapt to different 
inputs. In that way, the figures show the results from very different mixes (different 
binders and curing regimen) demonstrating the ability of the neural network to 
generalize the phenomenon.  




3. The simulations for current are better than those for the mid point voltage, as was 
found and commented on in chapter 8.  
 
The ability of the network to simulate the membrane potential and the current was discussed 
above; however, it is necessary to evaluate the reliability of the properties obtained, 
especially the chloride diffusion coefficient. For this purpose, the relationship between the 
calculated chloride intrinsic diffusion coefficients and the measured chloride penetration 
coefficient for mixtures cured in a saturated condition is shown in figure 11.39. Mixtures 
which were air cured were not included in this relationship, because of the big influence that 
curing has on the transport properties; this topic deserves to be investigated separately. 
 
Figure 11.39 shows the regression that fits the best straight line to the data, and shows the 
numerical coefficient of determination R2, which indicates the amount of variability. The value 
of correlation was of r=0.95, and shows that the chloride intrinsic diffusion coefficient 
obtained through the Integrated numerical - neural network model is in good agreement with 
the measured penetration regardless of the mineral admixtures used. From the same figure it 
is argued, that for any sample of concrete, the data of current obtained from the traditional 
ASTM C1202 test and the membrane potential obtained from the electrochemical test 
presented in this thesis together define the transport properties of the material.  
 
From figure 11.39 should be noted that the correlation between the intrinsic chloride 
coefficient and the chloride penetration is valid only for the materials used over the range 
shown in the figure. It is believed that the trend obtained does not cross the origin because in 
too small diffusion coefficients physically there is not transport of matter, so, the measured 
penetration coefficient always be zero until a certain diffusion coefficient is reached; 
however, using the limited data obtained in this research does not confirm this postulate. 
 
Figure 11-39 Relationship between the calculated intrinsic diffusion coefficients and the 
chloride penetration coefficients k for concrete blended mixes 




11.4.1 Results of the simulations 
The transport related properties obtained with the optimization technique are shown in table 



























O4W 274.001 2.11E-10 7.73E-11 2.71E-11 5.93E-12 0.367 0.178 
O4A 455.249 2.58E-10 7.30E-11 5.19E-11 1.87E-11 0.331 0.197 
O5W 90.429 2.12E-10 6.82E-11 4.04E-11 4.62E-11 0.400 0.207 
OG4W 159.114 1.68E-10 8.06E-11 1.48E-11 3.04E-12 0.408 0.163 
OG4A 247.959 1.61E-10 8.03E-11 1.41E-11 2.87E-12 0.410 0.162 
OG5W 173.329 1.60E-10 8.09E-11 1.34E-11 2.82E-12 0.416 0.160 
OB4W 285.849 2.27E-10 7.67E-11 3.25E-11 7.73E-12 0.355 0.182 
OGB4W 176.423 1.60E-10 8.09E-11 1.34E-11 2.81E-12 0.415 0.160 
OGB4A 313.712 1.55E-10 8.01E-11 1.33E-11 2.73E-12 0.413 0.161 
OGB5W 186.305 1.64E-10 8.04E-11 1.42E-11 2.95E-12 0.411 0.162 
O5-A 262.014 2.19E-10 7.76E-11 2.89E-11 6.25E-12 0.360 0.179 
OG5-10-A 251.562 2.07E-10 7.80E-11 2.54E-11 5.29E-12 0.369 0.176 
OG5-30-A 158.957 1.96E-10 7.94E-11 2.12E-11 4.28E-12 0.382 0.171 
OG5-50-A 154.751 1.81E-10 7.99E-11 1.77E-11 3.56E-12 0.395 0.167 
O4-B 249.994 1.96E-10 7.83E-11 2.23E-11 4.55E-12 0.379 0.173 
O5-B 359.048 2.48E-10 7.45E-11 4.35E-11 1.37E-11 0.341 0.191 
OG5-50-B 192.014 1.60E-10 8.06E-11 1.36E-11 2.86E-12 0.414 0.161 
OG5-30-B 167.574 1.71E-10 8.03E-11 1.56E-11 3.17E-12 0.404 0.164 
OG4-50-B 151.433 1.70E-10 8.05E-11 1.52E-11 3.11E-12 0.407 0.163 
OG4-30-B 167.160 1.64E-10 8.07E-11 1.41E-11 2.93E-12 0.411 0.162 
 
Table 11-12 Chloride transport related properties optimized  
11.5 CONCLUSIONS  
43. The addition of GGBS and BOS improve the workability of concrete mixtures. 
However, due to the large size of the BOS grains used in this research, some 
bleeding was detected during mixing.  
 
44. No correlation was found between the flow properties measured with the rheometer 
and the slump measured with Abram’s cone. 
 
45. All slag mixes showed a compressive strength development similar to the standard 
OPC reference mixes: ageing produced an increase; air curing produced a decrease; 




and an increase in the water binder ratio also produced a decrease in the 
compressive strength.  
 
46. The reduction of compressive strength because of curing deficiencies was more 
significant for mixtures containing OPC-GGBS. In the same way, samples OPC-
GGBS adequately cured showed better strengths than OPC references at 90 days. 
 
47. Non-Portland mixes did not develop the compressive strength expected according to 
the preliminary results of part 1. However, those 0% ordinary Portland cement 
mixtures are suitable in concrete applications requiring low values of compressive 
strength. In contrast, mixes OPC-BOS and OPC-GGBS-BOS showed interesting and 
encouraging results of compressive strength, which suggest their possible application 
in industrial purposes. 
 
48. During the sorptivity tests it was found that effectively, the initial water absorbed by 
capillary suction increases as the square root of the elapsed time. Air curing and an 
increase of the water binder ratio produced a significant rise in sorptivity for all 
mixtures.  
 
49. Non-Portland samples showed to have high values of sorptivity and to be very 
vulnerable to poor curing. Binary or ternary OPC blended mixes including blast 
furnace slag or/and steel slag showed a very good performance in relation to this 
property when properly cured. 
 
50. The electrical resistivity is a very promising durability parameter because it is easy to 
measure, tests do not take too long, and the laboratory equipment requirements are 
relatively low.  
 
51. GGBS decreases the resistivity of concrete mixtures notably producing changes in 
the pore microstructure and composition of the pore solution. Adequately cured 
GGBS mixes have a resistivity two or three times greater than OPC; however, if no 
adequate curing is carried out, the resistivity can be of the same order of magnitude 
as OPC. 
 
52. Mixtures containing GGBS are highly resistant to chloride penetration. Portland and 
non-Portland GGBS samples showed that the use of blast furnace slag notably 
decreases the chloride diffusivity in concrete.  
 




53. Samples of OPC-BOS were found particularly vulnerable to chloride diffusion, 
especially when poor curing conditions were applied. 
 
54.  The low chloride penetration in GGBS blended mixtures is attributed to many factors; 
however, it is believed that the binding capacity factor is the predominant one. 
 
55. The evolution of the mid point membrane potential was measured successfully in 
OPC-slag mixes. In contrast, in non-Portland mixes it was not possible measure it. 
The current profile was measured successfully in the same way in all the final mixes 
and the charge calculated.  
 
56. The use of GGBS significantly reduces the charge passed in Portland and non-
Portland blended mixes. For all samples, poor curing, as in the resistivity test, has a 
very important effect; it increases the total charge passed significantly. 
 
57. Due to their alkaline reserve, the carbonation profile of OPC and OPC-BOS samples 
was very low. Samples of GGBS showed more carbonation than OPC and are very 
vulnerable to poor curing. Non-Portland mixes showed high levels of carbonation, 
probably influenced by the lack of calcium hydroxide as a hydration product.  
 
58. OPC samples showed the lowest water coefficient of permeability, followed by OPC-
GGBS, OPC-BOS and OPC-GGBS-BOS. Non-Portland mixes shoed a significant 
increase of the  water coefficient of permeability with respect to the OPC reference. 
 
59. From the Corrosion tests it was concluded that all the slag-Portland mixes had an 
acceptable behaviour during the experiments. For them, no big differences were 
found with respect to the OPC reference; their corrosion resistance can be stated as 
being similar to the OPC samples. In contrast, non-Portland mixes showed high 
corrosion levels. 
 
60. Using the results of the current and membrane potential profiles twenty slag-mixes 
were modelled. As a result, the transport properties were successfully obtained. The 
diffusion coefficients of chloride, hydroxide, potassium and sodium, the chloride linear 
binding capacity factor, the hydroxide concentration at the beginning of the test, and 
the capillary porosity were determined. 





12 DISCUSSION OF RESULTS ON CHLORIDE TRANSPORT PROPERTIES 
In this chapter the experimental and numerical results obtained in chapter eleven “Chloride 
transport related properties” are discussed. The tests carried out were correlated with the 
others in order to identify the dependency of the different variables and mechanisms. 
Similarly, the transport properties obtained with the computation model were analyzed, and 
the principal results discussed. Special emphasis was given to OPC-GGBS mixtures which 
are in common use in industrial applications.  
 
12.1 INTRODUCTION 
As was stated in chapter 5, chloride penetration in concrete can lead to steel corrosion. 
Thus, it is important know the level of protection that a specific concrete mix offers to the 
reinforcement and the relationships between different transport properties. Although there 
are an important number of durability tests available, their dependency with the chloride 
transport properties some times is not well understood in blended concretes. So, the 
relationship between the most used experimental tests and the fundamental transport 
properties is analyzed for slag blended mixes. 
12.2 CORRELATIONS BETWEEN EXPERIMENTAL PARAMETERS 
The results of the seven experimental tests carried out on chapter 11 (chloride penetration, 
charge passed, electrical resistivity, sorptivity, compressive strength, porosity and 
carbonation) were correlated to estimate the relationships among all of them. Table 12.1 
shows the correlation matrix obtained where the coefficient of determination R2 was found 
using least squares regression analysis for the best type of equation that fit the data. Two 
sets of data were analyzed, first, “all samples” including results of final binders (section 11.2) 
and experiments on OPC-GGBS mixes (section 11.3); the other set of data analyzed were 
“OPC-GGBS well cured” that included data from section 11.3 and samples O4W, O5W, 
OG4W, and OG5W from section 11.2. The results are discussed in the next sections giving 
more emphasis on tests that showed better correlation.  
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Carbonation 
kc 
R2=0.14   
Linear 
R2=0.16   
Linear ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 
 
Table 12-1 Statistical relationships between tets carried out 
 
Note: Values of R2 are only relevant where there is a scientific or engineering reason for it.  




Measurement of concrete resistivity (or conductivity) is a method which has great acceptance 
due to the known relationship between the electrical conductivity of the pore solution and the 
microstructure of the concrete. Recent publications show great progress in the understanding 
of the resistivity as an indicator of the durability (Sengul and Gjorv 2009, Sengul and Gjorv 
2008, Mccarter et al. 2009), and efforts are being made to establish a new ASTM standard: 
“Test Method for Indication of Concrete’s Ionic Conductivity”, of just 5-minutes in duration, in 
contrast to the 6-hour ASTM C1202. The results obtained in chapter 11 are analyzed and 
discussed in order to complement the understanding on the resistivity of blended slag 
mixtures.  
 
The relationship between the A.C. resistivity and the chloride ion penetration expressed by 
the coefficient k is shown in figure 12.1. The graph includes all the mixes tested in the 
previous chapter. A well-defined plot emerges, forming a “L” shape. Two regions are easily 
recognized, the samples of OPC, OPC-BOS and air cured GGBS mixes are in region “A”, 
and the remaining high resistivity GGBS mixtures are in region “B”. In zone “A”, for small 
changes in the resistivity big changes in the chloride penetration coefficient are expected, 
while in zone “B” big changes in resistivity correspond only to small changes in the chloride 
penetration coefficient. That big difference in the slope ∆k/∆resistivity suggests that if the 
resistivity (or conductivity) should be used as a general index to rank mixes or assess the 
chloride penetration of slag blended concretes, then the non-linearity needs to be taken into 
account. In the figure 12.1 is shown as well the relationship between the conductivity 
(calculated as the inverse of resistivity) and the chloride penetration; it is shown that the use 
of conductivity also offers a direct relationship with the penetration, however the resistivity is 
used as parameter because it is frequently more used in concrete assessment. 
 
  
Figure 12-1 Relationship between the measured chloride penetration coefficient k and the 
measured resistivity/conductivity (all samples) 
B A A B 




Figure 12.1 shows the resistivity (conductivity)-chloride penetration behaviour of general slag 
mixtures; however, for industrial applications adequately cured mixes of just GGBS and OPC 
have a more extensive use. The relationship between the measured resistivity and the 
chloride penetration coefficient k for those mixtures is shown in figure 12.2. Equation 12.1 is 
the best fit to the data.  
 
Figure 12-2 Relationship between the measured chloride penetration coefficient k and the 















k  (12.1) 
 
Equation 12.1 is a good indicator of the chloride penetrability for GGBS-OPC blended 
concretes; however, it is important to note that the resistivity has been measured with the 
samples fully saturated before any chloride contamination, according to the procedure shown 
in section 6.3.6. In other research, Basheer et al. (2002) investigated experimentally the 
correlations between the electrical resistance and the chloride diffusion coefficient for 
blended mixtures. They found that the resistivity is time dependant and is affected by the 
chloride penetration. Additionally, they found a non-linear relationship governed by a power 
equation. 
 
The correlation index obtained between the electrical resistivity and coefficient of carbonation 
was very low as is shown in table 12.1. This value means that for the mixtures investigated 
no dependency was found between the carbonation measured after one year of natural 
carbonation exposure and the saturated resistivity at 90 days. Again, it is important to clarify 
that although carbonation and curing induce changes in the resistivity of concrete, as was 
shown by Luco (2008) and Whiting and Nagi (2003), no clear dependency was found 
between those two properties. 




In a paper published by Hossain (2005) it was shown that the electrical resistivity decreased 
with an increase of the total porosity measured with mercury intrusion porosimetry. There 
was a strong dependency between those parameters; however, the results obtained in this 
research do not show any dependency. It is believed that the lack of correlation obtained in 
this investigation was a result of the way the porosity was measured. It seems that in the 
open porosity measured by vacuum, water does not penetrate the small capillary pores of 
some specimens introducing an error in the results. That is more notorious for samples OPC-
GGBS which gave a coefficient of determination R2 much lower than the other samples 
which presumably were better saturated. In other research Shane et al. (2000) showed that 
the electrical conductivity does not have a very strong relationship with the porosity. 
 
In the same way than as with porosity, no direct relationship between compressive strength 
and resistivity was observed.  
 
Electrical measurements (conductivity or resistivity) have been used successfully to study the 
durability of the concrete cover, and a direct relationship with the capillary absorption has 
been reported by Chrisp et al. (2002). Normally, the resistivity used to asses the “skin” of 
concrete is the known “Four-Probe Resistivity Measurement Technique” (Whiting and Nagi 
2003) which allows to measure the resistivity in the field. As was mention above, sorptivity is 
a transport mechanism related principally with the concrete cover; so, as the resistivity 
measured in this research corresponds to the average resistivity of the overall sample the 
correlation obtained between these two parameters was very poor.  
 
Figure 12.3 shows the relationship between the AC resistivity measured and the charge 
calculated after 6 hours of the RCPT for all the mixes tested in chapter 11. For all the data 
excluding the PG samples, the equation (12.2) was found using least squares regression 
analysis. The correlation coefficient R2 obtained was 0.992.  
 
( ) 212.1][Re724048][arg −−= mohmsistivityCech  (12.2)  
 
In figure 12.3 can be seen that samples containing PG showed a defined linear trend, 
influenced presumably by the presence of gypsum. However, due to the small number of 
data is not possible to have a good reliability about this relationship. Additionally, the 
relationship between conductivity and charge is also shown in this figure; however the main 
analysis has been done in function of the resistivity due that this parameter is most used in 
concrete technology. 





Figure 12-3 Relationship between the measured resistivity/conductivity and the charge passed 
The data shown in figure 12.3 includes samples with different binders, curing regimes, and 
water to binder ratios; however, if the same relationship is established using only mixes 
OPC-GGBS cured in saturated conditions a similar correlation is obtained. For this new 
relationship (equation 12.3) the determination coefficient R2 obtained was 0.997. Figure 12.4 
shows the relationship between AC resistivity and charge for those mixtures. The proportions 
of mineral admixture are marked in the same figure. 
 
 ( ) 203.1][Re695166][arg −−= mohmsistivityCech  (12.3) 
 
 
Figure 12-4 Relationship between the measured resistivity and the measured charge passed 
(OPC-GGBS samples well cured) 
The non-linearity of the resistivity-charge relationship can be explained if the graph of the 
evolution of the current during an RCPT is analyzed. For any mix at the beginning of the test 
the instantaneous DC resitivity (calculated with the initial current io) and the AC resitivity are 




equivalent; however, as was observed during the experiments, mixes with low chloride ion 
penetrability, i.e. concrete with high volume of GGBS (>30%) and low water to binder ratio, 
usually show a constant evolution of the current as is shown in figure 12.5. The total charge 
calculated for those kinds of mixes (shown as Area1) is always a function of the initial current 
io. For mixes with high chloride ion penetrability the evolution of the current is not constant 
during the experiment and a new Area2 is developed. Although the total charge for these 











Figure 12-5 Evolution of the electrical current during the ASTM C1202 test 
The total charge measured after 6 hours of the RCPT test showed a good correlation with 
the chloride penetration coefficient. Figure 12.6 shows that relationship and includes the 
linear trend obtained by least square regression analysis for both sets of data analyzed. This 
is why the RCPT is so popular with industry. 
 
 
Figure 12-6 Relationship electrical charge and chloride coefficient of penetration k 
Time [h] 
Current  [A] 
6 
Area2 
GGBS (low chloride 
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The coefficient of determination for the correlation of the total charge with the carbonation, 
porosity, compressive strength and sorptivity presented in table 12.1 shows that for the data 
analyzed there is no direct dependency between those variables. The charge only seems to 
be strongly related with the chloride penetration. 
 
No relationship was found between the sorptivity and the chloride penetrability. This result 
was expected because during the chloride self-penetration tests the only mechanism of 
transport allowed was diffusion. Before the samples were in contact with the salt solution 
they were in contact with an alkaline solution to avoid any sorption. 
 
It has been stated by Dias (2000) that in air-dried OPC concrete there is an increase in 
weight and reduction in sorptivity due to carbonation of the surface zone. It was stated that 
concrete surfaces with poorer quality or bad curing show greater reductions in sorptivity as a 




Figure 12-7 Relationship sorptivity and carbonation coefficient kc 
The relationship found between sorptivity and porosity is shown in figure 12.8, where a slight 
dependence between these two variables can be seen. This relationship emerges as a result 
of the similarities in both tests. In the test of porosity, water is forced to enter the sample by 
vacuum suction filling in the capillary pores. Similarly, in the sorptivity test, water is imbibed 
by the sample filling in the surface capillary pores. 
 
 





Figure 12-8 Relationship between sorptivity and open porosity 
The relationship between sorptivity and compressive strength is shown in figure 12.9. A 
similar trend was reported by Hewlett (2004), but a better correlation was found using a 
power equation. For OPC-GGBS mixes a very good correlation was found. In table 12.1 a 
value of R2=0.98 was shown. However, this good relationship must be taken with caution 
because just 4 points were available. In addition, all the results showed very low values of 
sorptivity and high values of compressive strength. 
 
 
Figure 12-9 Relationship between sorptivity and compressive strength (all samples) 
No correlation was found between compressive strength and chloride penetration. This result 
is of special interest because it is normally assumed that the compressive strength is 
intimately correlated with the chloride penetration in concrete; so, the cube test is sufficient to 
measured durability. Additionally, no correlation was found between the compressive 
strength and the open porosity. In contrast, a well defined trend was found between 
compressive strength and carbonation for all mixes, figure 12.10. A similar relationship was 
reported by Hewlett (2004). 





Figure 12-10 Relationship between sorptivity and compressive strength 
12.3 EFFECT OF SLAG REPLACEMENT ON MEASURED CHARGE AND RESISTIVITY 
IN GGBS - OPC MIXES 
From table 12.1 it can be argued that the electrical tests, resistivity and charge passed are 
good indicators of the chloride penetration. However, as was stated in section 6.6, the 
electrical properties of concrete are related, in addition to their transport properties, to the 
pore solution composition. In that way, using GGBS as mineral admixture to replace OPC 
produces changes in the electrical properties of the material, and those changes can be 
related with variations on the chemical composition of the pore solution rather than with the 
concrete resistance to chloride penetration.  
 
The effect of GGBS replacement on the charge passed and resisistivity is shown in figures 
12.11 and 12.12 respectively. In figures “A” the relationships for samples of different water 
binder ratio are shown, and in figures “B” a general relation obtained using all the data 




Figure 12-11 Effect of GGBS replacement on the charge passed (OPC-GGBS samples well 
cured) 
A B 





Figure 12-12 Effect of GGBS replacements on the resistivity (OPC-GGBS samples well cured) 
12.4 SIMULATION OF TRANSPORT RELATED PROPERTIES  
All the migration tests had non-steady state conditions because of the characteristics of the 
experiments, in which there were small volume external cells, a high external voltage, and a 
short duration. Although in some mixes it was possible that the chlorides reached the anode 
(thus giving a uniform condition through the sample), the depletion of the external cells 
ensured that a steady state condition was never achieved. Therefore, the estimated intrinsic 
diffusion coefficients were for non steady state conditions.  
 
Figure 12.13 shows the calculated intrinsic coefficients of diffusion. The sodium and 
potassium coefficients were significantly smaller than the values for chlorides and 
hydroxides, as observed previously by Andrade (1993). These results confirm that the 
mobility of cations in a porous media are less than the mobility of anions. However, they are 
responsible for part of the total charge passed and are absolutely necessary in the 
simulation. Either in a self diffusion test or in the presence of an applied voltage gradient 
across the specimen, the charge electroneutrality is maintained in the Coventry model by 
adjusting the membrane potential at all times. Small changes in the diffusion of cations 
produce large changes in the mid point membrane potential. As was expected, the calculated 
numerical values of the intrinsic coefficients for all the species are, for all the cases, smaller 
than the coefficients of diffusion in infinite diluted solutions, as can be seen in any 
electrochemistry textbook (Bockris and Reddy 1998). The values obtained are possible and 
are within acceptable ranges. 
 
The diffusion coefficients obtained for sodium (Dint-Na) were greater than for potassium (Dint-K). 
The ratio Dint-Na/Dint-K was different depending on the amount and type of admixture. It was 
found that if there was an increase in the amount of mineral admixture, the ratio Dint-Na/Dint-K 
tended to decrease. Although the coefficient of diffusion for potassium is greater than for 
sodium in an infinite dilute solution (Bockris and Reddy, 1998), the results of the model 
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showed that for the samples tested this is not always the case. This may be because 
differences in the matrix (immobile ions) and the ionic exchange in the pore solution. The 
ratio Dint-Na/Dint-K varies for each concrete sample according to all its transport properties 
including the composition of its pore solution at the start of the test.  
 
The migration diffusion coefficients obtained for chlorides and hydroxides showed that both 
ions have a high mobility and are responsible for most of the transport of charge. However, in 
contrast with the conclusions of Feldman et al. (1994), the results of the simulations indicated 
that the diffusion coefficients of chlorides were greater than the hydroxide coefficients. The 
numerical values of the apparent chloride coefficients were between 10 and 60% greater 
than the hydroxides, depending on the level of mineral admixture replacement.  With an 
increase in the amount of either mineral admixture, the ratio Dapp-Cl/DOH tends to decrease. It 
is believed that the ratio between the diffusivity of chlorides and hydroxides depends on all 
the external conditions of the test and all the internal transport properties and features of the 
concrete, and it is not a rule that it is always less than one.  
 
 
Figure 12-13 simulated intrinsic diffusion coefficients 
Due to the lack of availability of experimental data, many researchers (Truc 2000, Khitab 
2005) assumed that the ratio of the intrinsic coefficient of diffusion of any ion in concrete 
( iD −int ) to the intrinsic coefficient of diffusion of chloride in concrete ( ClD −int ) is equal to the 
ratio of the coefficient of diffusion of any ion in a solution at infinite dilution ( 0iD ) to the 
coefficient of diffusion of chloride in a solution at infinite dilution( 0clD ). This relationship is 
shown in equation 12.4. 


















−    (12.4) 
 
From the simulations it was concluded that the intrinsic diffusion coefficients of OH-, Na+, and 
K+ do not necessarily follow a linear correlation with the Cl diffusion coefficient, and they are 
not always directly proportional to the ratio between the diffusion coefficients at infinite 
dilution as is stated by equation 12.4. Figure 12.14 shows the relationship between the 
simulated Cl diffusion coefficients and the diffusion coefficients of other ions. 
 
 








The data shown in figure 12.14 was analyzed statistically and the best correlation was 
obtained using regression analysis (notice that the data of mix O5W was excluded from the 
analysis, because it is clearly out of trend). Table 12.2 shows an equation to determine the 
intrinsic diffusion coefficient from the intrinsic chloride diffusion coefficient for each ion. It is 
believed that for slag mixtures table 12.2 represents a better approximation than equation 
12.4. 
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Results for the simulated initial hydroxide concentration for the final binders at the beginning 
of the test are shown in figure 12.15. It is observed that the addition of slag produces a 
decrease in the initial OH- concentration. However, for mixture O5W this is not necessarly 
the case, it is believed that for that particular mix the simulated results of hydroxide 
concentration show some inconsistency and are considered atypical.  
 
According to the results of the model, air curing has a strong influence on the initial OH- 
concentration. For mixtures OPC, OPC-GGBS and OPC-GGBS-BOS an increase of around 
40% in the hydroxide concentration was obtained when the mixes were air cured. This result 
is consistent with the results of resistivity, which were strongly affected by the air curing 
condition. Presumably, two reasons may influence the higher OH concentration found in air 
cured samples: (a) the un-hydrated particles of OPC give to the concrete an excess of 
alkalinity, and  (b) The OH diffuse out in the tanks during the curing period when the samples 
are water curing. 
 
 
Figure 12-15 Simulated OH
-
 concentrations in the pore solution at the beginning of the test 
 
The simulated results for open porosity and binding capacity factor are shown in figure 12.16. 
As was expected, the porosity tends to increase with an increase of the water binder ratio 
and with the adition of GGBS (figure 12.16A). The binding capacity factor increases with the 













Figure 12-16 Simulated (A) open porosity and (B) binding capacity factor  
12.4.1 Simulation of transport properties of OPC-GGBS mixes 
Due to the wide application of blast furnace slag in binary OPC-GGBS mixtures, the most 
important results of this combination are discussed in this section. Figure 12.17 shows the 
influence of the proportion of GGBS on the simulated OH- concentration at the beginning of 
the test. As individual points are shown the data obtained from the model (blue points) and 
as continuous line (line red) shows the resulting average for each proportion. Notice that the 
value of OH- concentration for mixture O5W was not included for the reasons given above.  
 
For the OPC samples an average value of 286 mol/m3 was obtained for hydroxide. This 
corresponds, according to section 8.3, to 97 mol/m3 of sodium and 189 mol/m3 of potassium 
in order to maintain the initial electro-neutrality of the system (units in mol per cubic meter of 
pore solution). With the increase of the amount of the mineral admixture, a reduction was 
found in the initial hydroxide composition of the pore solution, as was expected. It was 
previously reported by Page and Vennesland (1983). The calculated hydroxide reduction of 
the solution into the pores for the 30% GGBS blended concrete was around 40% with 
respect to the OPC. Above 30% of replacement, there was no further reduction in the 
hydroxide ion concentration 
 
The calculated chloride binding capacity factor is shown in figure 12.18. It was found that it 
tends to increase with an increase in the amount of mineral admixture. The greatest chloride 
capacity factor was found in mixes of 60% of GGBS. Similar results were found by Dhir, El-
Mohr and Dyer (1996). 
 
From the integrated model, the calculated porosity was also found. There was a reduction in 
the porosity with an increase in the amount of admixture, and the beneficial effect of GGBS 
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and PFA was greatest with 50% of GGBS. Figure 12.19 shows the variation of the calculated 
open porosity for different percentages of admixture. 
 
 
Figure 12-17 Simulated effects of GGBS replacements on hydroxide composition 
 
 
Figure 12-18 Simulated effects of GGBS on the chloride binding capacity  
 
 
Figure 12-19 Simulated effects of GGBS on the porosity 




For the OPC-GGBS mixes the apparent chloride diffusion coefficients were found using 
equation 5.32, which establishes the relationship between the apparent and intrinsic chloride 
diffusion coefficients. Figure 12.20 shows the simulated effects of GGBS on the apparent Cl 
diffusion coefficient. An increase in GGBS produces a reduction in the diffusion coefficient. 
The calculated apparent diffusion coefficients obtained were relatively high compared with 
some reported in the literature. Usually, for a concrete of good quality, a chloride diffusion 
coefficient in the order of 10-12 m2/s is expected. However, these differences can be 
explained by the fact that the diffusion coefficients obtained in this research apply to a 
multi-species system coupled through the membrane potential, rather tnan of those obtained 
in experiments reported in literature where ions are physically affected by the ionic exchange 
among species, but the coefficients are calculated with equations that account for only single 
chloride diffusion and no ionic interaction. 
 
 
Figure 12-20 Simulated effects of GGBS on the Cl apparent diffusion coefficient 
 
12.4.1.1 Correlation of the estimated properties with the charge and resistivity 
The effects of the resistivity and charge passed on the alkalinity of the pore solution, defined 
as the OH- initial concentration, and the chloride capacity factor are shown in figure 12.21. As 
was expected, a good correlation was found between both electrical tests and the hydroxide 
concentration calculated with the computational model (figures A and C).The conductivity of 
a concrete sample is strongly related with the conductivity of the pore solution as was 
pointed out by Shi, Stegemann and Caldwell (1998). In the same way, a good relationship 
was found between the measured electrical properties and the chloride capacity factor 
simulated (figures B and D). This last observation has great importance because as was 
concluded in chapter 10, for samples of OPC-GGBS the capacity factor is the key factor 
which dominates the penetration of chlorides. If the electrical tests are, at the same time, 




dependent on the pore solution concentration and the chloride capacity factor, it can be 
argued that when the tests are applied to OPC-GGBS mixes, the conductivity of pore 




Figure 12-21 Effects of charge and resistivity on the chloride capacity factor and initial 
alkalinity for OPC-GGBS samples 
The relationship between the charge in Coulombs obtained from the standard ASTM C1202 
test and the calculated chloride diffusion coefficients is shown in figure 12.22. The correlation 
between the charge and the intrinsic (left) and apparent (right) coefficients is shown. The link 
between both coefficients was defined by equation 5.32. The intrinsic coefficient defines the 
transport of matter when the flux is calculated per unit cross-sectional area of the pores and 
the concentration in the free liquid. In contrast, the apparent coefficient defines the transport 
of any ion when the flux is calculated per unit area of the porous material and the average 
concentration in the material. The reason why both coefficients are presented is because the 
computer model calculates the intrinsic coefficient, but the apparent coefficients are normally 
used to predict the service life of concrete structures. From the figures can be seen that the 
charge-chloride diffusion coefficient relationship for GGBS had an acceptable correlation with 
determination coefficients of R2=0.895 and 0.919. According to this, the equations that define 
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that relationship can be used as a tool to estimate the diffusion coefficients in [m2/s] from the 
measured value of charge [in Coulombs] for GGBS mixes with levels of GGBS replacement 





− +×= xeChxD GGBS  (12.5) 
1114 106arg101 −−− +×= xeChxD GGBSapp   (12.6) 
 
 
Figure 12-22 Simulated effects of GGBS on the Cl diffusion coefficients 
The relationships between the electrical resistivity and the calculated chloride diffusion 
coefficients are shown in figure 12.23 and equation 12.27 and 12.28. 
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61. The statistical relationships between the tests carried out in chapter 11 was 
determined and presented in table 12.1. The experimental tests showed that the most 
related variables to the chloride penetration were the resistivity and the charge 
passed. The sorptivity, compressive strength, and porosity did not show strong 
relationships with the chloride penetration coefficient.  
 
62. The proportion of slag used in OPC-GGBS mixes affects the measured charge and 
resistivity. Those relationships are non-linear, an increase in the mineral admixture 
corresponding to an increase in the resistivity and a decrease in the total charge 
passed. 
 
63. Using Artificial Neural Networks trained on numerical simulations of the migration test 
yields viable results for the fundamental properties of concrete. The initial hydroxide 
composition of the pore solution, the chloride binding capacity, the porosity, and the 
diffusion coefficients for all the species involved were estimated with good results. 
 
64. Results obtained show that the ratios between sodium and potassium, and chlorides 
and hydroxides in a migration test do not follow the behaviour of single species in a 
dilute solution. In the same way, the calculated values of chloride diffusion coefficient 
were larger than those usually reported in the literature; however, they are in good 
agreement with the measured chloride penetration. 
 
65. The use of the resistivity and the total electric charge passed as indirect measures of 
the chloride penetration is suitable in OPC-GGBS mixes. The low values of resistivity 
are related with the conductivity of the pore solution, but are intimately linked as well 
to the binding capacity and the diffusivity of chlorides. Some equations are given to 
correlate the diffusion coefficients with the charge and resistivity.  





















































13 FINAL REMARKS 
13.1 INTRODUCTION 
The main intention of this thesis was to investigate the chloride transport related properties of 
slag concrete using traditional experimental methods and computational methods. With that 
general aim in mind, during the progress of the research, all the proposed objectives were 
achieved and several findings emerged, bringing with them new ideas about the complex, 
but fascinating “world” of ionic transport in concrete.  
 
In an initial part of this last chapter, the main thesis contributions are summarized. In a 
second part, the principal limitations and constrains about the theory or experiments used 
are stated, this serves no purpose other than to make clear the scope and limitations of the 
research. Finally, taking into account the findings and limitations presented, several aspects 
could serve as a basis for future investigations. Those suggestions are given for possible 
further studies. 
13.2 SCIENTIFIC CONTRIBUTIONS OF THE THESIS 
As two main themes, slag based concrete materials and chloride penetration in concrete, 
were proposed at the beginning of this project as a mater of study, the thesis was divided in 
parts. First and second parts made direct reference to the general topics of study, and the 
third part involved the elements developed in the previous two parts. Using this last part, the 
main objective of the research was fulfilled. 
 
It is important to note that in this section specific conclusions about the research are not 
presented, here the principal achievements reached through the progress of the research 
program are summarized. Specific conclusions were listed at the end of each chapter. The 
key findings and scientific contributions of the thesis are presented below 
 
Development and characterization of slag cement-based materials 
 
1. A complete literature survey was carried out about the raw materials used in this 
research. This is summarised and presented in chapter 2.  
 




2. Several combinations of iron slag (GGBS) and weathered steel slag (BOS) where 
mixed to produce suitable cementing binders. Paste mixes of 60% GGBS and 40% 
BOS showed the optimum value of strength at 90 days. The development of strength 
was attributed to the GGBS activation because of the alkaline (lime) contribution of 
BOS. A new model was proposed to explain this hydration process which was 
investigated using analytical data obtained from X-ray diffraction and other 
complementary tests. This mix was the base of the final slag binders developed in 
this research.  
 
3. Five final binders containing principally GGBS and BOS, activated using OPC, BPD, 
and PG were optimized to obtain the best combination that produced the highest 
compressive strength. Those binders were investigated in detail to characterize their 
setting and hydration processes. 
 
Binder Materials 
1 100% OPC (reference) 
2 40% OPC + 60% GGBS 
3 70% OPC + 30% BOS 
4 40% OPC + 30% GGBS + 30% BOS 
5 10% BPD + 54% GGBS + 36% BOS 
6 5%PG + 60% GGBS + 35% BOS 
 
Table 13.1 Final mixes selected 
 
Multi-species ionic transport in concrete  
 
4. In this research, the ionic transport in concrete has been investigated. For this, a 
computer model initially developed to simulate a standard RCPT migration test was 
used. The theoretical bases of that model were investigated in detail from an 
extensive literature review. Consistent with the model, it was found that Nernst-
Planck equation, solved using a multi-species approach coupled with the charge 
neutrality and a binding isotherm, is a very good theoretical representation of the 
physical phenomena that occur in a migration test. The principal hypothesis of the 
computer model was the condition of charge neutrality of the different ionic species. 
This was achieved in the model through the generation of an additional membrane 
potential produced by the differences in mobility of the species involved. 
 
5. From the theoretical review carried out about “electro-diffusion”, it was concluded that 
the Nernst-Planck equation coupled with the charge neutrality should be always used 




in order to describe the ionic transport in concrete. However, the electrical conditions 
of the physical-real system should be taken into account. As a result, ideal conditions 
of voltage control, current control (non-zero current) and current control (zero current) 
were introduced for the first time. Using those, modelling of migration tests, cathodic 
protection or self-diffusion tests must be carried out. The reliability of voltage control 
and current control models were evaluated against experimental tests. The results 
showed that the simulations were in accordance with the experiments, showing the 
accuracy of the theoretical assumptions.  
 
6. A new electrochemical test for measuring the evolution of the electrical field through a 
concrete sample in a standard migration test was developed in this research. This 
proved that the electrical field is non-linear in time and position. In the same way, a 
methodology developed to calculate the mid-point membrane potential was proposed, 
obtaining more information from a voltage control migration.  
 
7. A novel and new methodology proposed to obtain the transport related properties of 
concrete was developed. In this, the observed current and membrane potential 
obtained from the new electrochemical migration tests are optimised using an artificial 
neural network (ANN) to obtain the intrinsic diffusion coefficients of the species 
involved (Cl-, OH-, Na+ and K+), the initial hydroxide composition of the pore solution, 
and the open porosity of the sample. Numerical results from this methodology were 
assessed experimentally obtaining encouraging results. 
 
8. Additionally to the voltage and current control conditions given above, two new 
models of electrical conditions named power and variable voltage control were 
developed. Those are alternatives to manage the temperature problem of poor quality 
concrete samples in the standard RCPT. 
 
Transport related properties and chloride resistance of slag cement-based materials 
 
9. Traditional chloride transport related tests were carried out on the final slag binders 
developed in the initial stage of the research. The influence of the water to binder 
ratio and the curing regimen on those tests was evaluated, analysed and discussed. 
The behaviour of slag based concrete mixes under workability, compressive strength, 
open porosity, initial water absorption capacity (sorptivity), carbonation, chloride 
migration and self diffusion, electrical resistivity, water permeability, and corrosion 
was investigated.  
 





10. The transport related properties of several slag based mixtures were simulated using 
the optimization neural network model. Those properties were correlated with the 
experimental tests to investigate the effect of the slag on the transport.  
13.3 THE THESIS CONSTRAINTS 
The work carried out in this research needs to be circumscribed within a context in which its 
limitations are clearly identified. These limitations make reference to specific features of the 





1. All the results, discussion and conclusions where obtained using materials with 
specific characteristics and properties as is detailed in section 3.2.1. Specially the 
steel slag (BOS) which was in a weathered condition. 
 
The experimental process 
 
2.  The heating of the samples during the experiments was a parameter that has en 
affect on the transport mechanisms. In order to avoid any influence of the 
temperature this always was kept to a minimum. A complete discussion about it was 
given in section 7.2. 
 
3. The reaction of the metallic electrodes due to electrolysis induces an additional 
potential in the cells in a migration test. This situation was investigated and discussed 
in detail in section 6.3.5, where it was concluded that the over-potential generated 
does not decrease the actual voltage applied in more than 1.2%. 
 
4. All the experimental work carried out in this thesis is limited to samples controlled 
under specific conditions. Results obtained from samples cast in situ must be 
interpreted with precaution. 
 
5. The conditioning of the samples used in order to determine experimentally the 
membrane potential requires a lot of work and not always is possible prepare 
adequately the samples, especially in concrete with low compressive strength. 
 
 





The theoretical assumptions 
 
6. In the Nernst-Planck equation, used to calculate the ionic flux, the ionic strength was 
considered negligible. Although the pore solution of a concrete sample is far from 
being an ideal solution, research carried out by Truc, Olliviera and Nilsson (2000) 
showed that the error does not increase substantially if the activity of the solution is 
not taken into account during the simulation of a migration test. 
 
7. All the equations of transport included in the model were related with ionic transport. 
No water osmosis was allowed in the model. Theoretically, due to different ionic 
osmotic potentials in the electrolytes, water could tend to move generating an 
additional transport mechanism. This mechanism was considerate negligible with 
respect to the magnitude of ionic transport due to the electrical field or even the 
concentration gradient of any species.  
 
13.4 FUTURE WORK 
The following are indications about possible work in the research field addressed in this 
investigation. 
 
1. Mixes of GGBS and weathered BOS showed themselves to be novel concrete mixes 
which are very resistant to chloride penetration. Further study is recommended to 
assess the application of this kind of controlled low strength materials (CLSM) to 
immobilize other kind of ions, such as wastes in the nuclear industry.  
 
2. The experimental determination of transport properties, such as diffusion coefficients 
and binding capacity, for species other than chlorides must be the object of further 
study 
 
3. A linear binding isotherm was used in the model. This has the advantage that it gives 
a direct relationship between the intrinsic and apparent diffusion coefficients, and 
between bound and free chlorides. In a new version of the Coventry model the 
possibility of including a chloride non-linear binding isotherm must be evaluated.  
 
4. In the current control model, variable voltage control model, and power control model 
introduced in chapter 9, the initial calculation of the corresponding external voltage is 




carried out iteratively adjusting parameters by loop conditions. In the way those have 
been programmed, the computer model requires prolonged times (several minutes) to 
give results. A rigorous professional computer programming is advised for all models, 
maintaining the Coventry University source code, but looking after the technical and 
specific computing aspects. 
 
5.  The experimental measurement of the membrane potential has an incalculable 
scientific value; however, it is difficult to implement industrially due to difficulties in the 
conditioning and preparation of the samples. Further study should be carried out 
trying to obtain the information which has been obtained by using a salt bridge by 
altering the supply voltage during the test or some  other technique. 
 
6. It has been demonstrated in chapter 9 that the power control is an efficient way to 
keep temperature controlled in a migration test. Research is advised to establish all 
the related parameters of this test and new values of charge to rank chloride 
penetrability in concrete. 
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APPENDIX 1:  Binder mixes investigated 
 
 
OPC–GGBS–BOS paste mixes 
 
 Material Proportions [%] 
Name OPC GGBS BOS 
O100 100 --- --- 
G100 --- 100 --- 
B100 --- --- 100 
O20B80 20 --- 80 
O40B60 40 --- 60 
O60B40 60 --- 40 
O80B20 80 --- 20 
G20B80 --- 20 80 
G40B60 --- 40 60 
G60B40 --- 60 40 
G80B20 --- 80 20 
O20G80 20 80 --- 
O40G60 40 60 --- 
O60G40 60 40 --- 
O80G20 80 20 --- 
O10G40B50 10 40 50 
O10G50B40 10 50 40 
O20G20B60 20 20 60 
O20G40B40 20 40 40 
O20G60B20 20 60 20 
O30G10B60 30 10 60 
O30G30B40 30 30 40 
O30G50B20 30 50 20 
O40G20B40 40 20 40 
O40G30B30 40 30 30 
O40G40B20 40 40 20 
O50G10B40 50 10 40 




BPD–GGBS-BOS paste mixes 
 
 
 Material Proportions [%] 
Name BPD GGBS BOS 
BPD05G57B38 5 57 38 
BPD10G54B36 10 54 36 














PG–GGBS-BOS paste mixes 
 
 
 Material Proportions [%] 
Name PG GGBS BOS 
G20B80 --- 20 80 
G40B60 --- 40 60 
G60B40 --- 60 40 
G80B20 --- 80 20 
P05G95 5 95 --- 
P10G90 10 90 --- 
P15G85 15 85 --- 
P20G80 20 80 --- 
P30G70 30 70 --- 
P10B90 10 --- 90 
P20B80 20 --- 80 
P30B70 30 --- 70 
P05G40B55 5 40 55 
P05G50B45 5 50 45 
P05G60B35 5 60 35 
P10G30B60 10 30 60 
P10G40B50 10 40 50 
P10G50G40 10 50 40 
P10G60B30 10 60 30 
P15G35B50 15 35 50 
P15G50B35 15 50 35 
P15G60B25 15 60 25 
P20G40B40 20 40 40 
P20G50B30 20 50 30 
P20G60B20 20 60 20 
P30G40B30 30 40 30 
P40G35B25 40 35 25 
 




APPENDIX 2: Fick’s Second Law of diffusion 
 
 
In the parallelepiped shown in figure A3.1, of unit area and length dx, ions are diffusing. The 
concentration in faces 1 and 2 are define according the following relationships 
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APPENDIX 3: Nernst-Einstein equation 
 
 
From the electrochemistry the total current can be expressed as equation A2.1 
 
zFJAi =  (A2.1) 
 




R =   (A2.2) 
 









Ed ===  (A2.3) 
 

















=   (A2.4) 
 








Ed ==  (A2.5) 
 







J =  (A2.6) 
 
 
Replacing the electric field (equation A2.5) into the Nernst-Planck equation can be found the 

























With the aim to give the possibility to all the concrete research community of using a novel 
technique to optimize the chloride related properties of a concrete sample is presented in this 
paper as a source open, a summary of the procedure necessary to run the model and the 
network file built under Matlab®. The method used to optimize the transport related properties 
of a concrete sample during a 6 hours ASTM C1202 migration test is a back propagation 
artificial neural network (ANN), where as inputs are necessary experimental observations of 
current and membrane potential under the conditions of the standard test.  
 
1. Artificial Neural Network   
 
The Artificial Neural Network uses a multilayer architecture: Six neurons define the input 
layer, corresponding to values of the current and the mid-point membrane potential at 
different times. A middle hidden layer has 3 neurons, and the output layer output has 7 
neurons corresponding to the intrinsic diffusion coefficients of Cl-, OH-, Na+ and K+, the 
porosity, the hydroxide composition in the pore solution at the start of the test, and the 









Current at 3.6 hours






Capacity factor of Cl binding
Porosity
Input layer Output layer  
 
Figure A3.1 Multilayer neural architecture used 
 
 




2. Input layer 
 
From the standard ASTM-C1202 experiment the transient current and the mid point 
membrane potential are obtained. Below is shown a detailed procedure to obtain the inputs 
of the network with the materials presented in chapter 8. 
 


































Figure A3.2 Membrane potential and current measured 
 
b) Obtain values of membrane potential at 1.2, 3.6, and 6 hours, and current at 0, 3.6, 
and 6 hours. 
 
 Voltaje MP [V] Current [mA] 
Time [s] 1.2 3.6 6.0 0.0 3.6 6.0 
OPC 4 0.7215 2.4105 3.7850 140.4 203.9 220.5 
OPC 5 0.0365 2.3885 3.2730 199.4 342.2 386.1 
OPC 6 -1.3135 2.4760 6.7320 272.5 474.5 535.4 
 
Table A3.1 Values of current and membrane potential at specific times 
 
 
c) To feed the neural network it is necessary normalize the data between -1 and +1 in 
order to avoid the influence of the scale of the physical quantities. A linear 
relationship is used to find the equivalence between the real coordinate systems and 







Vmin V Vmax 
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Real scale 
Normalized scale 















The corresponding constants to normalize the input experimental data are: 
 
 
 Voltage MP [V] Current [mA] 
Time [s] 1.2 3.6 6.0 0.0 3.6 6.0 
Vmax 2.20 6.48 7.56 298.40 552.34 512.24 
Vmin -4.99 -9.79 -11.26 1.22 1.20 1.09 
Vavg -1.40 -1.66 -1.85 149.81 276.77 256.67 
L 7.19 16.28 18.82 297.18 551.14 511.15 
 
Table A3.2 Transformation matrix used to normalize the input data 
 
The corresponding normalized values of membrane potential and electrical current are 
shown in table A3.3. 
 
 Membrane Potential Current 
Time [s] 1.2 3.6 6.0 0.0 3.6 6.0 
OPC 4 0.589 0.500 0.599 -0.064 -0.264 -0.142 
OPC 5 0.399 0.497 0.544 0.333 0.237 0.506 
OPC 6 0.023 0.508 0.912 0.826 0.718 1.090 
 
Table A3.3 Values of current and membrane potential normalized 
 
 
3. Obtaining the transport related properties 
 
d) Open Matlab® and type “nntool” to use the graphic interface of the neural network 




Figure A3.3 Screen of the Matlab® Neural Network tool box 




e) Load the network file “ANNcoventry V2.0” to the Matlab® workspace and import that 
file to the network/Data manager. Create a matrix in the workspace with the inputs 
values and import it to the network/Data manager. Notice that the input data needs to 
be entered as matrix of dimension mxn; m is always 6 (6 input neurons) and n is the 
number of mixes optimized (in this example 3). In this example the input matrix 





Figure A3.4 Screen of the network/Data manager 
 
 
f) Open the window Simulate of the network and select as input the matrix “inputdata”. 
To run click on simulate network. The outputs are saved in the network/Data 




Figure A3.5 Simulation of the data 




g) From Matlab®  the output matrix has a dimension mxn; m is always equal to 7 
because in the output layer there are 7 neurons and n is equal to the number of 
mixes analyzed (in this case 3). Notice that the data is normalized, and then it is 
necessary to transform it to its real scale. 
  
    Mix 0.4 Mix 0.5 Mix 0.6 
OH Concentration -0.15387 0.26557 0.86461 
Cl Diffusion Coef. -0.57714 -0.46121 -0.35184 
OH Diffusion Coef. -0.83219 -0.84062 -0.84619 
Na Diffusion Coef. -0.9479 -0.8947 -0.8162 
K Diffusion Coef. -0.98718 -0.94098 -0.85541 
CL Capacity factor -0.70277 -0.75393 -0.80106 
  Porosity -0.01296 0.12976 0.22695 
 
Table A3.4 Outputs of the network (normalized) 
 

















  OH conc DCl DOH DNa Dk Cap Cl porosity 
max 550 9.E-10 9.E-10 8.E-10 4.E-10 2 0.30 
min 30 7.E-12 3.E-12 2.E-12 2.E-12 0.16 0.05 
avg 290 4.54E-10 4.52E-10 4.01E-10 2.01E-10 0.896 0.18 
L 520 8.93E-10 8.97E-10 7.99E-10 3.98E-10 1.47 0.25 
 
Table A3.5 Transformation matrix used to find the real data 
 
 













[m2/s] Cap Cl porosity 
OPC 4 249.994 1.96E-10 7.83E-11 2.23E-11 4.55E-12 0.379 0.173 
OPC 5 359.048 2.48E-10 7.45E-11 4.35E-11 1.37E-11 0.341 0.191 
OPC 6 514.799 2.96E-10 7.20E-11 7.49E-11 3.08E-11 0.306 0.203 
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APPENDIX 6: Input data of the Neural Network algorithm  
 
 Time [s] 
 Voltage Membrane Potential [V] Total Current [mA] 
Mat 0.0 1.2 2.4 3.6 4.8 6.0 0.0 1.2 2.4 3.6 4.8 6.0 
!	 0.00 0.48 1.45 2.34 3.01 3.77 157 202 227 245 257 268 
!	 0.00 0.62 2.27 2.07 4.67 6.99 234 354 396 422 455 482 
	 0.00 0.41 -1.08 -2.34 -3.14 -3.02 182 251 287 306 322 336 
!	 0.00 -1.00 -1.40 -1.60 -1.64 -1.63 25 25 26 27 27 27 
!	 0.00 0.24 0.79 1.68 2.85 3.95 86 112 136 147 140 127 
	 0.00 -0.26 -0.24 -0.23 -0.26 -0.34 29 30 31 31 31 31 

!	 0.00 -0.41 0.44 1.79 2.33 2.90 168 219 246 262 274 285 

!	 0.00 -0.21 -0.03 0.21 0.45 0.66 34 35 37 38 39 39 

!	 0.00 0.42 1.64 3.68 5.87 6.63 129 196 253 263 233 203 

	 0.00 0.05 0.06 -0.02 -0.11 -0.27 47 51 54 56 57 58 
O5-A 0.00 -0.96 -0.16 1.30 2.58 3.72 134 187 216 231 241 251 
OG5-10-A 0.00 -0.68 -0.40 0.62 1.41 2.80 128 168 193 208 216 220 
OG5-30-A 0.00 -2.35 -2.03 -1.38 -0.14 1.03 67 70 86 90 92 93 
OG5-50-A 0.00 -1.77 -2.49 -2.28 -1.96 -1.90 42 49 52 54 53 51 
O4-B 0.00 0.72 1.50 2.41 3.19 3.79 140 170 190 204 214 220 
O5-B 0.00 0.04 1.09 2.39 3.01 3.27 199 268 312 342 368 386 
OG5-50-B 0.00 -0.36 -1.39 -1.94 -2.17 -2.03 23 24 25 26 26 26 
OG5-30-B 0.00 -0.75 -0.93 -0.83 -0.69 -0.58 44 47 50 51 53 53 
OG4-50-B 0.00 -1.34 -1.92 -2.31 -2.47 -2.52 17 17 18 18 18 18 
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